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ABSTRACT 

A p r e l i m i n a r y  p a r a m e t r i c  e n g i n e  s t u d y  was made f o r  a  Mach 
0 .98  advanced  t e c h n o l o g y  t r a n s p o r t  u s i n g  t h e  s u p e r c r i t i c a l  wing .  
Advanced e n g i n e  w e i g h t  t e c h n o l o g y  c o m p a t i b l e  w i t h  a  mid-decade 
i n t r o d u c t i o n  i n t o  commerc ia l  s e r v i c e  was used  f o r  t h e  t h r e e -  
e n g i n e ,  300-passenge r  a i r p l a n e  o f  t h i s  s t u d y .  A t a k e o f f  g r o s s  
w e i g h t  of  386 000 pounds was s e l e c t e d  t o  p r o v i d e  a r a n g e  o f  
a b o u t  3000 n a u t i c a l  m i l e s .  Fan p r e s s u r e  r a t i o s  FPR f rom 1 . 5 0  
t o  2 . 2 5  and t a k e o f f  t u r b i n e - i n l e t  t e m p e r a t u r e s  T4 f rom 2460 t o  
2860' R were c o n s i d e r e d .  S i g n i f i c a n t  improvements  i n  r a n g e  were  
o b t a i n e d  by  r a i s i n g  t h e  FPR o v e r  t h i s  s p e c t r u m  when b y p a s s  r a t i o  
BPR and  o v e r a l l  p r e s s u r e  r a t i o  OPR were  o p t i m i z e d .  An i n c r e a s e  
i n  Tq o v e r  t h e  s p e c t r u m  c o n s i d e r e d  h e r e  had  much l e s s  e f f e c t  on 
r a n g e  t h a n  an  i n c r e a s e  i n  FPR. N e i t h e r  t h e  a p p r o a c h  n o r  t h e  
( l i f t - o f f )  s i d e l i n e  n o i s e  r e q u i r e m e n t s  o f  F.A.R. P a r t  36 c o u l d  
b e  met w i t h  any  o f  t h e s e  e n g i n e s  w i t h o u t  a c o u s t i c  t r e a t m e n t  o f  
t h e  n a c e l l e s .  Even w i t h  a c o u s t i c  t r e a t m e n t ,  o n l y  o n e - s t a g e  f a n  
e n g i n e s  c o u l d  meet t h e  a p p r o a c h  r e q u i r e m e n t  f o r  t h e  maximum sup-  
p r e s s i o n  o f  1 5  PNdB assumed i n  t h i s  s t u d y .  U n f o r t u n a t e l y ,  FPR 
must t h e r e f o r e  b e  l i m i t e d  t o  a b o u t  1 . 7 .  Wi th  t h i s  c o n s t r a i n t ,  
BPR o p t i m i z e s  n e a r  4, and OPR o p t i m i z e s  be tween 25 and  30 when 
a  t a k e o f f  Tq o f  2660° R  i s  s e l e c t e d  w i t h  a  t u r b i n e - c o o l i n g  b l e e d  
r e p r e s e n t a t i v e  o f  p r e s e n t - d a y  t e c h n o l o g y .  It was assumed t h r o u g h  
most o f  t h e  s t u d y  t h a t  t h e  a i r c r a f t  c o u l d  b e  a r e a - r u l e d  s o  t h a t  
t o t a l  a i r c r a f t  d r a g  r ema ined  c o n s t a n t  a s  t h e  e n g i n e  c y c l e  p a r a m e t e r s  
were  changed .  
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SUMMARY 

k p r e l i m i n a r y  p a r a m e t r i c  e n g i n e  s t u d y  was made f o r  a  Mach 0 . 9 8  
advanced  t e c h n o l o g y  t r a n s p o r t  u s i n g  t h e  Whitcomb s u p e r c r i t i c a l  wing .  
Advanced e n g i n e  w e i g h t  t e c h n o l o g y  was i n c o r p o r a t e d  i n  t h e  t h r e e -  
engi.ne a i r p l a n e  o f  t h i s  s t u d y .  A t a k e o f f  g r o s s  we igh t  o f  386 000 
pounds was s e l e c t e d  t o  p r o v i d e  a  r a n g e  o f  a b o u t  3000 n a u t i c a l  m i l e s  
f o r  t h i s  300-passenge r  a i r p l a n e .  

P o i n t - d e s i g n  e n g i n e  pe r fo rmance  c a l c u l a t i o n s  were made f o r  
c r u i s e ,  b u t  some s i m p l i f y i n g  a p p r o x i m a t i o n s  were  made t o  d e t e r m i n e  
t h e  t a k e o f f  o p e r a t i n g  c o n d i t i o n s .  A l so ,  d i f f e r e n c e s  i n  r a n g e  and 
t o t a l  f u e l  consumption d u r i n g  c l i m b  and  le tdown were i g n o r e d  be tween 
t h e  v a r i o u s  e n g i n e s  c o n s i d e r e d  i n  t h i s  s t u d y .  D e s p i t e  t h e s e  a p p r o x i -  
m a t i o n s ,  it i s  f e l t  t h a t  t h e  r e s u l t i n g  t r e n d s  a r e  v a l i d  and p o i n t  
t h e  way toward  s e l e c t i o n  o f  a n  e n g i n e .  

A s  f a n  p r e s s u r e  r a t i o  FPR was i n c r e a s e d  o v e r  t h e  s p e c t r u m  
f rom 1 . 5 0  t o  2.25,  r a n g e  ( t h e  a i r p l a n e  f i g u r e  o f  m e r i t )  i n c r e a s e d  
by 300 t o  400 n a u t i c a l  m i l e s .  Optimum Uypass r a t i o  BPR and s e a -  
l e v e l - s t a t i c  t o t a l  a i r f l o w  d e c r e a s e d  w h i l e  optimum o v e r a l l  p r e s s u r e  
r a t i o  OPR remained  n e a r l y  c o n s t a n t .  An i n c r e a s e  i n  Tq had much 
l e s s  e f f e c t  t h a n  an  i n c r e a s e  i n  FPR f o r  t h e  s p a n  o f  t e m p e r a t u r e  
c o n s i d e r e d  h e r e  ( i .  e . ,  t a k e o f f  Tq ' s  f rom 2460 t o  2860° R) , The 
r a n g e  improvement w i t h  h i g h e r  Tq i s  g r e a t e s t  a t  h i g h e r  FPR's and 
a l s o  i n c r e a s e s  a s  t u r b i n e  c o o l i n g  schemes a r e  improved.  

N e i t h e r  t h e  app roach  no r  t h e  l i f t - o f f  s i d e l i n e  n o i s e  r e q u i r e -  
ments  o f  F,A.R. P a r t  36 c o u l d  be  met w i t h  any  o f  t h e s e  s t u d y  
e n g i n e s  u n l e s s  t h e  n a c e l l e s  were  a c o u s t i c a l l y  t r e a t e d .  Even t h e n ,  
o n l y  o n e - s t a g e  f a n  e n g i n e s  c o u l d  meet t h e  app roach  n o i s e  r e q u i r e -  
ment f o r  t he  maximum s u p p r e s s i o n  of 1 5  PNdB assumed i n  t h i s  s t u d y .  
With only one fan s t a g e ,  FPR i s  l i m i t e d  t o  a b o u t  1 . 7 .  T h i s  l i m i t a -  
t i o n  j ; uni o ~ ~ i u r i d i r  'uecduse of t i le s i g r ~ i f I c a r i t  rvarige i in~~r*overr~ent  
t h a t  iaa13 he o l i t a in rc i  ivith higher FPR'5. With d n  FPR o f  1,7, BPlZ 
o i _ ~ k b t i i i i i r a  d x  dbouII 4 diid OPR o p t ~ r n i z e s  between 25 aind 30  when ii 
t, ! c ~ c ~ f  f F Z t j h O o  li. j h'- $ o f  t h  3 t u ~ * h < r r p  c.or!l i #rig 'rll c-.rad 



r~cipr~sentat_E-ve O F  p r e s e n t - d a y  tcc ' f inology iiriglh~i? T4's - i re  n o t  
p d r r i c u i a r i  y h e n e f l e ~ a l  u n l e s s  s i g n i f  i e a n t  improveme11 t s cal-1 be 
rnade I n  t u r b i n e -  c o o l i n g  t e c h n o l o g y .  

INTRODUCTION 

The s u p e r c r i t i c a l  wing  p r o p o s e d  by  Whitcomb ( r e f .  1 )  o f f e r s  
t h e  p o t e n t i a l  f o r  d e l a y i n g  t h e  t r a n s o n i c  d r a g  r i s e  e x p e r i e n c e d  by 
p r e s e n t - d a y  s u b s o n i c  j e t  t r a n s p o r t s  a s  t h e i r  f l i g h t  s p e e d  
a p p r o a c h e s  Mach 1. T r a n s p o r t  a i r p l a n e s  u s i n g  t h i s  w ing  c o u l d  t h e n  
c r u i s e  a t  somewhat h i g h e r  s p e e d s  t h a n  i n  p r e s e n t  commerc ia l  u s e  
w i t h  l i t t l e  o r  no  p e n a l t y  i n  l i f t - d r a g  r a t i o .  

T h i s  r e p o r t  p r e s e n t s  a  p a r a m e t r i c  e n g i n e  s t u d y  t h a t  was made 
f o r  an  advanced  t e c h n o l o g y  t r a n s p o r t  u s i n g  t h e  s u p e r c r i t i c a l  w i n g  
c o n c e p t .  P r e s e n t - d a y  a i r f r a m e  w e i g h t s  and e n g i n e  component 
e f f i c i e n c i e s  were  used  i n  t h i s  s t u d y  a l o n g  w i t h  e n g i n e  w e i g h t s  
r e p r e s e n t a t i v e  o f  mid-decade i n t r o d u c t i o n  i n t o  commercial  s e r v i c e .  
A c r u i s e  s p e e d  of Mach 0 .98  was s e l e c t e d  somewhat a r b i t r a r i l y  a s  
t h a t  which would p u s h  t h e  speed  a l m o s t  t o  t h e  l i m i t  w i t h o u t  
b e i n g  t o o  f a r  up on t h e  d r a g  r i s e  c u r v e .  The a i r p l a n e  was s i z e d  
t o  c a r r y  300 p a s s e n g e r s  a  r a n g e  o f  a p p r o x i m a t e l y  3000 n a u t i c a l  
m i l e s .  Takeof f  g r o s s  we igh t  was f i x e d  t h r o u g h o u t  t h e  s t u d y  a t  
386 000 pounds .  The o p e r a t i n g  empty l e s s  podded e n g i n e  w e i g h t  
was f i x e d  a t  180  000 pounds.  A s  t h e  e n g i n e  d e s i g n  p a r a m e t e r s  
were changed,  b o t h  t h e  s p e c i f i c  f u e l  consumption and e n g i n e  w e i g h t  
changes  t h a t  were  o b t a i n e d  were r e f l e c t e d  a s  a  change i n  r a n g e .  
Range was used  a s  t h e  a i r p l a n e  f i g u r e  of m e r i t .  The e n g i n e s  were  
s i z e d  a t  c r u i s e  f rom a  p o i n t  d e s i g n  c a l c u l a t i o n .  A t  t a k e o f f ,  
e n g i n e  c y c l e  p a r a m e t e r s  were e s t i m a t e d  s o  t h a t  e n g i n e  t h r u s t  and  
n o i s e  c o u l d  be  c a l c u l a t e d .  

The p u r p o s e  of t h e  s t u d y  i s  t o  d e t e r m i n e  t h e  optimum e n g i n e  
d e s i g n  p a r a m e t e r s  f o r  t h i s  p a r t i c u l a r  a i r p l a n e .  The opti.muni 
d e s i g n  p a r a m e t e r s  may be i n f l u e n c e d  by t h e  n o i s e  l i m i t s  imposed 
by F e d e r a l  A i r  R e g u l a t i o n  P a r t  36 .  Noise  l e v e l s  b o t h  from t h e  
j e t  s t r e a m s  and t h e  f a n  tu rbomach ine ry  were  e s t i m a t e d  a t  l i f t - o f f  
and a p p r o a c h .  Range p e n a l t i e s  i n t r o d u c e d  by i n l e t  and d u c t  t r e a t -  
ment f o r  a l l e v i a t i n g  tu rbomach ine ry  n o i s e  were a l s o  e s t i m a t e d .  

Only  a  t h r e e - e n g i n e  c o n f i g u r a t i o n  was s t u d i e d . .  Bypass  r a t i o  
and o v e r a l l  p r e s s u r e  r a t i o  were o p t i m i z e d  f o r  maxirnum r a n g e  a t  
e a c h  v a l u e  o f  f a n  p r e s s u r e  r a t i o  t h a t  was c o n s i d e r e d .  Fan p r e s s u r e  
rat5 o was v a r i e d  from 1 , 5 0  t o  2 . 2 5 .  Tu rb ine -  i n l e t  ' c e m p ~ r ' a t u r e s  
d:irring t a k e o f f  were v a r i e d  from 2460 t o  2860' R - b o t h  with a i ~ d  
wi t11out tr117hrne c o o l i n g .  

Changes i n  engine d i a m e t e r  were cal.ctila-Led i a s :  ti-ie desigir 
;,;.cr-l-l,;ie-i_er.:; ~..lt!i~c c;iailgeii. E'er, fJ;p ii-iaj01' p a r i  0% ' ille s i rrci)/ ,  !i(.twt:~i;..l. ,  



kbe a i  rpldne LiCt- drag r a t i o  was assumed t o  rema] ri ur- i~~lidriged d e s p i ? ; ~ .  
t h e s e  e n g i n e  d i m e n s i o n a l  changes .  T h i s  L S  p r o b a b l y  rlri o j ~ r i i n i s t i c  
a s sumpt ion ,  b u t  might  b e  approached  by r e - a r e a - r u l i n g  t h e  a i r p l a n e  
e a c h  t ime e n g i n e  s i z e  i s  changed.  A s  a p e r t u r b a t i o n  t o  the b a s i c  
s t u d y ,  e n g i n e  d r a g  was a l lowed  t o  change w i t h  diariletes froin i t s  
r e f e r e n c e  v a l u e  f o r  one s e r i e s  o f  c a s e s .  Changes i n  e n g i n e  d r a g  
were r e f l e c t e d  a s  changes  i n  a i r p l a n e  l i f t - d r a g  r a t i o  f o r  t h e s e  
c a s e s .  

B PR 

s 

L 

D 

F~ 

FPK 

L  

M 

SYMBOLS 

b y p a s s  r a t i o  
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METHOD OF ANALYSIS 

S e l e c t i o n  o f  Takeoff  Gross  Weight and A i r f r a m e  Weight  

It was d e s i r e d  t o  s e l e c t  a  t a k e o f f  g r o s s  w e i g h t  (TOGW) t h a t  
g i v e s  a  r a n g e  o f  a b o u t  3000 n a u t i c a l  m i l e s  f o r  a wide-body a i r p l a n e  
which  i s  d e s i g n e d  t o  c a r r y  300 p a s s e n g e r s .  

F i g u r e  1 shows how t h e  o p e r a t i n g  empty w e i g h t  (OEW) v a r i e s  w i t h  
TOGW f o r  t u rbo fan -powered  s u b s o n i c  t r a n s p o r t s  e i t h e r  now f l y i n g  o r  
soon  t o  be  f l y i n g .  Data p o i n t s  shown were o b t a i n e d  f rom r e f e r e n c e  2 .  
I t  was assumed t h a t  t h e  a i r p l a n e  of t h i s  s t u d y  c o u l d  be  l o c a t e d  on 
t h i s  we igh t  c u r v e .  An i t e r a t i v e  p r o c e d u r e  was used  t o  d e t e r m i n e  
t h e  TOGW of  t h i s  s t u d y  a i r p l a n e .  

To b e g i n  t h e  i t e r a t i o n ,  a  TOGW was a r b i t r a r i l y  assumed.  The 
OEW was t h e n  found f rom f i g u r e  1. The p a y l o a d  o f  60 000 pounds 
(300 p a s s e n g e r s  a t  200 l b  each )  was t h e n  added  t o  the  OEW. The 
t o t a l  f u e l  l o a d  was o b t a i n e d  by  s u b t r a c t i n g  t h i s  sum f rom t h e  TOGW 
t h a t  was assumed. The m i s s i o n  f u e l  was assumed t o  b e  82 p e r c e n t  
o f  t h e  t o t a l  f u e l  t h u s  c a l c u l a t e d .  (18 p e r c e n t  o f  t h e  t o t a l  f u e l  
l o a d  i s  h e l d  i n  r e s e r v e . )  20 000 pounds o f  f u e l  was assumed t o  be 
used  d u r i n g  a  2 0 0 - n a u t i c a l - m i l e  c l i m b  up t o  c r u i s e .  The a i r p l a n e  
w e i g h t  a t  t h e  s t a r t  o f  c r u i s e ,  t h e n ,  was t h e  TOGW minus 20 000 
pounds .  The we igh t  a t  t h e  end o f  c r u i s e  was t h e  d i f f e r e n c e  between 
t h e  TOGW and t h e  m i s s i o n  f u e l  w i t h  t h e  le tdown f u e l  added  back  i n .  
The le tdown f u e l  was assumed t o  be 2000 pounds .  These w e i g h t s  
a t  t h e  b e g i n n i n g  and end  o f  c r u i s e  were t h e n  s u b s t i t u t e d  i n t o  t h e  
B r e g u e t  r a n g e  e q u a t i o n  



Priesen t - d a y  s u b s o n i c  j e t  t r a n s p o r t s  h a v e  c r u i s e  L/D r a t i o s  
( e x c l u d i n g  e n g i n e s )  i:: t h e  o r d e r  of 20, Pr! t h e  absence  o f  e x p e r i -  
m e n t a l  d a t a ,  i t  was assumed f o r  t h i s  s t u d y  t h a t  t h e  c r u i s e  L/D of 
a  t r a n s o n i c  (Mach 0 .98)  a i r p l a n e  employing  a  s u p e r c r i t i c a l  wing 
i s  1 8 . 5 .  A d d i t i o n a l  d r a g  due t o  e n g i n e s  was a l s o  ~ n c l u d e d ,  a s  d i s -  
c u s s e d  i n  t h e  n e x t  s e c t i o n .  An s f c  o f  0 .70/hour  ( r e p r e s e n t a t i v e  of  
i n s t a l l e d  s fc  f o r  a  h i g h - b y p a s s - r a t i o  e n g i n e )  was used  i n  t h e  
i t e r a t i o n .  T o t a l  r a n g e  was o b t a i n e d  by  a d d i n g  t h e  2 0 0 - n a u t i c a l -  
m i l e  c l i m b  r a n g e  and t h e  assumed 1 5 0 - n a u t i c a l  m i l e  le tdown r a n g e  
t o  t h e  c r u i s e  r a n g e  o b t a i n e d  f rom t h e  B r e g u e t  e q u a t i o n .  

The p r e c e d i n g  c a l c u l a t i o n  was r e p e a t e d ,  a s  n e c e s s a r y ,  b y  
assuming a  new v a l u e  o f  TOGW u n t i l  a  t o t a l  r a n g e  o f  3000 n a u t i c a l  
m i l e s  was o b t a i n e d .  A f t e r  s e v e r a l  i t e r a t i o n s  it was found  t h a t  a  
TOGW o f  386 000 pounds and a n  OEW o f  220 000 pounds s a t i s f i e d  
t h i s  c o n d i t i o n .  

A f t e r  f i n d i n g  t h e  c o r r e c t  TOGW and OEW, it  was t h e n  n e c e s s a r y  
t o  s u b t r a c t  t h e  i n s t a l l e d  e n g i n e  w e i g h t  t o  f i n d  t h e  a i r f r a m e  w e i g h t  
( i . e . ,  OEW minus podded e n g i n e  w e i g h t ) .  A i r f r a m e  w e i g h t  and TOGW 
were t h e n  f i x e d  f o r  t h e  r ema inde r  o f  t h e  s t u d y  s o  t h a t  t h e  t o t a l  
f u e l  w e i g h t  would v a r y  a s  t h e  e n g i n e  w e i g h t  changed .  

Podded e n g i n e s  o f  e x i s t i n g  w e i g h t  t e c h n o l o g y  were  found  t o  
weigh  a b o u t  1 3  300 pounds e a c h  when s i z e d  a t  40 000 pounds s e a -  
l e v e l - s t a t i c  t h r u s t .  By s u b t r a c t i n g  t h e  w e i g h t  of  t h r e e  o f  
t h e s e  e n g i n e s  f rom t h e  OEW o f  220 000 pounds,  it was found  t h a t  
a n  e x i s t i n g - t e c h n o l o g y  a i r f r a m e  would weigh  180  000 pounds .  The 
a i r f r a m e  w e i g h t  was t h e n  f i x e d  a t  t h i s  v a l u e  f o r  t h e  s t u d y  a i r p l a n e .  

A s k e t c h  o f  t h i s  c o n c e p t u a l  s t u d y  a i r p l a n e  i s  shown i n  f i g u r e  2 .  
The e n g i n e s  a r e  l o c a t e d  a t  t h e  r e a r  t o  p r o v i d e  a s  c l e a n  a  wing  a s  
p o s s i b l e  i n  o r d e r  t o  a c h i e v e  a  h i g h  L/D a t  c r u i s e .  

Eng ines  

The long-  d u c t ,  s e p a r a t e -  f low (unmixed) e x h a u s t  t u r b o f  an  
e n g i n e s  o f  t h i s  s t u d y  were s i z e d  f o r  c r u i s e .  A s k e t c h  o f  a  t y p i c a l  
e n g i n e  pod i s  shown i n  f i g u r e  3 .  Sound deaden ing  m a t e r i a l  i s  
shown b o t h  i n  t h e  d u c t  w a l l s  and  i n  t h e  i n l e t  w a l l s  and c e n t e r b o d y  
s u r f a c e .  I n  a d d i t i o n ,  an  i n l e t  r i n g  c o n c e n t r i c  w i t h  t h e  c e n t e r -  
body and o u t e r  w a l l  i s  shown w i t h  sound deaden ing  m a t e r i a l .  

Eng ine  c y c l e  c a l c u l a t i o n s  were  made a t  c r u i s e  f o r  a  r a n g e  o f  
e n g i n e s  w i t h  f a n  p r e s s u r e  r a t i o s  FPR v a r y i n g  f rom 1 - 5 0  t o  2 . 2 5 .  
Bypass  r a t i o  BPR and o v e r a l l  p r e s s u r e  r a t i o  OPR were  o p t i m i z e d  
f o r  maximum r a n g e  n t  e a c h  FPR, T h r e r  l e v e l s  o f  c r u i s e  t u r b i n e -  
i n l e t  kemper' i ture Tg were c o n s i d e r e d  - i n  200° R i n c r e m e n t s  f ro in  
2 i b 0  t o  2660° K, 1"wo t u r b i n e  c o o l i n g  b leed  s c h e d u l e s  were used, 
One, which  was highly o p t t i n i s t i c ,  h a d  no b l e e d *  f n  the other, 
w'rl ici- i  i s  r e p r e s e n t a t i v e  of  tooclay's t e c h n o l o g y ,  cbhargeablcl. bLeed 



i s  assurncci t o  vary linearlly w i t h  t a l i eo f f  TQ9 as shown i r i  figurle 4, 
Chargeable bleed Es l e s s  t h a n  d c k u a l  bleed. A s  de f~ r i ec i  h e r e ,  i - k  
i s  t h e  e q u r v a l e n t  amount t h a t  c o u l d  be b l e d  from the compressor  
d i s c h a r g e  and dumped back  i n t o  t h e  main s t r e a m  p a s t  t h e  t u r b i n e s  
t o  g i v e  t h e  same t u r b i n e  d i s c h a r g e  c o n d i t i o n s  t h a t  r e a l l y  o c c u r  
when a c t u a l  b l e e d  i s  used  and some t u r b i n e  work r e c o v e r y  i s  
o b t a i n e d .  

I n  a d d i t i o n  t o  c r u i s e ,  c y c l e  c a l c u l a t i o n s  were  a l s o  made a t  
b o t h  s e a - l e v e l - s t a t i c  and Mach 0 .23  l i f t - o f f  c o n d i t i o n s  a f t e r  
making some s i m p l i f y i n g  a s s u m p t i o n s  a b o u t  e n g i n e  o p e r a t i o n  a t  t h e s e  
c o n d i t i o n s .  Takeof f  and l i f t - o f f  TQ's  were  assumed t o  be  200° R  
h i g h e r  t h a n  t h e  c r u i s e  T 4 ' s .  I n  o t h e r  words,  t a k e o f f  T q T s  o f  2460, 
2660, and  2860' R were c o n s i d e r e d .  Ano the r  a s sumpt ion  made i n  t h i s  
s t u d y  was t h a t  t h e  s e a - l e v e l - s t a t i c  f u l l  power t o t a l  c o r r e c t e d  a i r -  
f l o w  a t  t h e  f a n  f a c e  was 92 p e r c e n t  o f  t h e  c r u i s e  c o r r e c t e d  a i r f l o w .  
T h i s  a i r f l o w  as sumpt ion  i s  based  on e m p i r i c a l  d a t a  f o r  e x i s t i n g  
h i g h  BPR e n g i n e s  t e s t e d  a t  c o n d i t i o n s  s i m u l a t i n g  b o t h  t h e  Mach 0 .98  
c r u i s e  c o n d i t i o n  a t  40 000 f e e t  a n d  s e a - l e v e l  t a k e o f f  (presuming no  
changes  i n  e x h a u s t - n o z z l e  a r e a ? ) .  

O t h e r  a s s u m p t i o n s  made i n  t h i s  s t u d y  were  t h a t  BPR, OPR, and  
FPR rema in  unchanged from t a k e o f f  t o  c r u i s e .  These a s sumpt ions ,  
t o o ,  a r e  s u p p o r t e d  by e m p i r i c a l  d a t a  c o r r e l a t i n g  t h e  v a l u e s  o f  
t h e s e  v a r i a b l e s  between t a k e o f f  and  t h e  c r u i s e  c o n d i t i o n  o f  t h i s  
s t u d y .  O t h e r  e n g i n e  p a r a m e t e r s  were  f i x e d  f o r  a l l  e n g i n e s  a t  
a l l  f l i g h t  c o n d i t i o n s ,  a s  summarized below: 

Fan a d i a b a t i c  e f f i c i e n c y .  . . . . . . . . . . . . . . .  0.83  

Compressor a d i a b a t i c  e f f i c i e n c y  . . . . . . . . . . . .  0 . 8 5  

Combustor e f f i c i e n c y .  . . . . . . . . . . . . . . . . .  0.985 

I n n e r  t u r b i n e  a d i a b a t i c  e f f i c i e n c y ,  . . . . . . . . . .  0 .90  

O u t e r  t u r b i n e  a d i a b a t i c  e f f i c i e n c y .  . . . . . . . . . .  0 . 9 1  

I n l e t  p r e s s u r e  r e c o v e r y  . . . . . . . . . . . . . . . .  1 . 0 0  

. . . . . . . . . . . .  P r e s s u r e  r a t i o  a c r o s s  combustor  0 . 9 4  

T o t a l  p r e s s u r e  r a t i o  i n  f a n  d u c t  f rom f a n  d i s c h a r g e  
t o  n o z z l e ,  . . . . . . . . . . . . . . . . . . . . . .  0 . 9 6  

T o t a l  p r e s s u r e  r a t i o  i n  c o r e  f rom l o w - p r e s s u r e  ( o u t e r )  
t u r b i n e  d i s c h a r g e  t o  n o z z l e .  . . . . . . . . . . . . .  0 . 9 8  

Exhaus t  n o z z l e  t h r u s t  c o e f f i c i e n t  ( b o t h  s t r e a m s )  . . .  0 . 9 8 5  

One o i  t h e  c o n s t r a i n t s  t o  be examined i n  t h i s  r e p o r t  i s  t h e  
a p p r o a c h  n o i s e  a t  one n a u t i c a l  m i  l~ f r o m  t h e  runway t h r e s h o l d .  
Eilgiric t l ~ r u s t  was r~ecluced to a  low level comrr~ensurate w i t h  an 
ass~rrn~ci T,/D of 5-5 at an appwoaelt speed o f  135 I tno ts  (Mach R.-283) 
A typical approach  weight Pol'  the alrpLines of this s t u d y  was  



a b o u t  299  000 pounds. .  If i t  i s  assumed t h a t  t h e  airplane a n g l e  
r ) f  a* i-rick i 5  L O o  and t h e  d;c?_L$-lu.de i s  3 4 0  1 ~ e - c  (base6  o,n a  3 O  g l i d e  
s l o p e ) ,  t h e  net th r7usF r e q u i r e d  i s  abou t  12 000 pounds p e r  e n g i n e ,  
T h i s  i s  e q u i v a l e n t  t o  a b o u t  o n e - t h i r d  of t h e  t a k e o i f  t h r u s t .  To 
d e t e r m i n e  t h e  e n g i n e  o p e r a t i n g  p a r a m e t e r s  needed t o  c a l c u l a t e  b o t h  
j e t  n o i s e  and  f a n  t u r b o m a c h i n e r y  n o i s e  d u r i n g  approach ,  a  computer- 
i z e d  t u r b o f a n  pe r fo rmance  program c a p a b l e  of pa r t -power  c a l c u l a t i o n s  
( r e f .  3) was used .  T h i s  program u s e s  scitikeld fa11 ,, ,eompre,ssor ,I . , a~d  
t u r b i n e  maps i n  d e t e r m i n i n g  pa r t -power  o p e r a t i n g  c o n d i t i o n s .  
Approach was t h e  o n l y  c o n d i t i o n  where e x a c t  p a r t - p o w e r  c a l c u l a t i o n s  
were  r e q u i r e d  i n  t h i s  s i m p l i f i e d  s t u d y .  

U n i n s t a l l e d  e n g i n e  w e i g h t  was a l lowed  t o  v a r y  w i t h  t h e  s e a -  
l e v e l - s t a t i c  BPR, OPR, t o t a l  a i r f l o w ,  and Tq, a s  d e s c r i b e d  by  
Gerend and R o u n d h i l l  ( r e f .  4 ) .  They have  a l s o  c o r r e l a t e d  e n g i n e  
w e i g h t  w i t h  t h e  y e a r  o f  f i rs t  f l i g h t .  It was assumed t h a t  t h e  
e n g i n e s  o f  t h i s  s t u d y  would f i r s t  f l y  i n  t h e  y e a r  1974.  The 
a d d i t i o n a l  we igh t  f o r  i n s t a l l a t i o n  ( i n c l u d i n g  i n l e t ,  n a c e l l e ,  and 
n o z z l e )  was assumed t o  be  3 .13  t i m e s  t h e  t o t a l  a i r f l o w  a t  t a k e o f f .  
T h i s  i n c r e m e n t a l  i n s t a l l a t i o n  we igh t  i s  based  on e m p i r i c a l  d a t a  
f o r  e x i s t i n g  h i g h - b y p a s s - r a t i o  e n g i n e s  used  i n  l a r g e  commerc ia l  
t r a n s p o r t s .  

The sum o f  t o t a l  f u e l  we igh t  and i n s t a l l e d  e n g i n e  w e i g h t  was 
c o n s t a n t  i n  t h i s  s t u d y ,  s i n c e  TOGWj pay load ,  and  a i r f r a m e  w e i g h t  
were  c o n s t a n t .  A s  e n g i n e  w e i g h t  changed,  t h e r e f o r e ,  t o t a l  f u e l  
w e i g h t  a l s o  changed.  T o t a l  f u e l  we igh t  i s  one  o f  t h e  most irnpor- 
t a n t  v a r i a b l e s  i n  t h i s  s t u d y  where r a n g e  i s  used  a s  t h e  f i g u r e  o f  
m e r i t .  The o t h e r  major  f a c t o r ,  of c o u r s e ,  i s  c r u i s e  s f c .  C r u i s e  
r a n g e  was c a l c u l a t e d  f rom t h e  B r e g u e t  r a n g e  e q u a t i o n  ( eq .  l ) ,  
which  can  be  e x p r e s s e d  a s  

I'/D R  ~ 5 6 1 - - -  366 000 
s f c  In 268 000 + 0.82  W 

( n a u t i c a l  m i l e s )  
C r 

e n g  

when 

c = 573 k n o t s  (n .  mi . /hr )  
S 

W = 268 000 9 0.82  W 
end c r  eng  

The a i r p l a n e  we igh t  a t  t h e  s t a r t  of c r u i s e  i s  s i m p l y  t h e  TOGW minus 
t h e  20 000 pounds o f  f u e l  t h a t  was assumed t o  be used d u r i n g  talce- 
o f f  and c l i m b  LIP t o  c r u i s e ,  The a i r p l a n e  weight  a t  the end o f  
c r u i s e  was o b t a i n e d  by s u b t r a c t i n g  t h e  m i s s i o n  f u e l  f rom t h e  TOGW 
arid r i dd i r~g  the 2000-pound le tdown fuel bacl, ilia ( i " i ~ s s ~ o r i  k u e l  is  



82 p e r c e n t  of t h e  t o t a l  f u e l ,  which i s  t h e  d i f f e r e n c e  between t h e  
T O W  and t h e  surn o f  t h e  a i r f r a m e  w e i g h t  ( f i x e d  a t  180 080 Lbj ,  
p a y l o a d  ( f i x e d  a t  60 000 l b )  , and i n s t a l l e d  e n g i n e  weighl,) 

T o t a l  r a n g e ,  a s  d e s c r i b e d  i n  t h e  s e c t i o n  on TOGW s e l e c t i o n ,  
was assumed t o  be  350 n a u t i c a l  m i l e s  g r e a t e r  t h a n  t h e  c r u i s e  r a n g e  
f o r  a l l  c a s e s .  T h i s  i nc remen t  i s  composed o f  t h e  200-mile  c l i m b  
and t h e  150-mi l e  le tdown r a n g e s .  

Engine  d i a m e t e r s  and l e n g t h s  were  computed by t h e  method o f  
r e f e r e n c e  4. A p r e l i m i n a r y  e s t i m a t e  o f  n a c e l l e  d r a g  a s  a  f u n c t i o n  
o f  d i a m e t e r  i s  g i v e n  i n  f i g u r e  5 .  T h i s  s c h e d u l e  o f  d r a g ,  which  
assumes  some d e g r e e  of f a v o r a b l e  i n t e r f e r e n c e ,  i s  employed i n  a  
l a t e r  p a r t  of t h e  s t u d y .  However, u n l e s s  o t h e r w i s e  s t a t e d ,  t h e  
m a j o r i t y  o f  t h e  c a l c u l a t i o n s  a r e  b a s e d  on t h e  o p t i m i s t i c  a s sumpt ion  
t h a t  t h e  e n g i n e s  can  b e  a r e a - r u l e d  i n t o  t h e  f u s e l a g e  s o  s u c c e s s f u l l y  
t h a t  n a c e l l e  d r a g  does  n o t  v a r y  w i t h  e n g i n e  d i a m e t e r  (and i s  f i x e d  
a t  t h e  nomina l  v a l u e  g i v e n  by f i g .  5  f o r  a  d i a m e t e r  o f  80 i n ) .  

No i se  C o n s t r a i n t s  

No i se  c a l c u l a t i o n s  were made f o r  two measu r ing  p o i n t s ,  b o t h  
o f  which  a r e  s p e c i f i e d  i n  F e d e r a l  A i r  R e g u l a t i o n  P a r t  36 .  They 
were :  

(1)  S i d e l i n e  n o i s e  measured i m m e d i a t e l y  a f t e r  l i f t - o f f  on a  
0 - 2 5 - n a u t i c a l - m i l e  (1520- f t )  s i d e l i n e  on t h e  ground a t  t h e  a n g l e  
o f  maximum n o i s e .  

(2)  Approach n o i s e ,  when t h e  a i r p l a n e  i s  1 n a u t i c a l  m i l e  f rom 
t h e  runway t h r e s h o l d ,  measured on t h e  ground d i r e c t l y  under  t h e  
g l i d e  p a t h  a t  t h e  a n g l e  o f  maximum n o i s e .  The a i r p l a n e s  o f  t h i s  
s t u d y  were  assumed t o  b e  a t  an  a l t i t u d e  o f  370 f e e t  a t  t h i s  
m e a s u r i n g  s t a t i o n  ( i . e . ,  a  3O g l i d e  s l o p e ) .  

For  a n  a i r p l a n e  h a v i n g  a  TOGW of 386 000 pounds,  F.A.R. P a r t  36 
s p e c i f i e s  a  n o i s e  l i m i t  o f  1 0 6 . 5  EPNdB f o r  b o t h  o f  t h e  above measure- 
men t s .  A t h i r d  measurement s p e c i f i e d  by  t h i s  r e g u l a t i o n  s h o u l d  b e  
made a t  a  p o i n t  3 . 5  n a u t i c a l  m i l e s  a f t e r  t h e  s t a r t  o f  t a k e o f f  r o l l  
on t h e  e x t e n d e d  runway c e n t e r l i n e .  If t h e  a l t i t u d e  e x c e e d s  1000 
f e e t ,  t h e  t h r u s t  may be  r e d u c e d  t o  t h a t  r e q u i r e d  f o r  a  4 p e r c e n t  
c l i m b  g r a d i e n t  o r  t o  m a i n t a i n  l e v e l  f l i g h t  w i t h  one e n g i n e  o u t ,  
wh icheve r  t h r u s t  i s  g r e a t e r .  The n o i s e  l i m i t  a t  t h i s  measu r ing  
s t a t i o n  f o r  t h e  a i r p l a n e  w e i g h t  c o n s i d e r e d  h e r e  i s  104  EPNdB, T h i s  
n o i s e  measurement was i g n o r e d  i n  t h i s  s t u d y  because  i t  was f e l t  
t h a t  w i t h  t h e  h i g h  BPR e n g i n e s  c o n s i d e r e d  h e r e i n  it would be  pos-  
s l b l e  t o  g a i n  a l t i t u d e  q u i c k l y  d f t e r  t a k e o f f .  (High BPR e n g i n e s  
(BPR 4 21, s i z e d  f o r  t h e  c r u i s e  c o n d i t i o n  i n  t h i s  r e p o r t ,  g e ~ e x ~ a l 3 . y  
have  t a k e o f f  t h r u s t - " c - g r o s s - w e i g h t  r a t i o s  E ' N / W ~  s u p e r i o ~  t o  
e x i s  i in% l o w  RPR, hu rbo f  an  poruerrd i - r a n s p o r t  -1 Tfie 11 i gller a l t - i  r u d e  
s h o u l d  p r o v i d e  c o n s i d e r a b l e  n o i s e  a t t e n u a t i o n ,  Also, t h e  high 



t h r u s t  l e v e l  a v a i l a b l e  a t  t a k e o f f  s h o u l d  p e r m i t  a c o n s i d e v a b l e  
r e d u c t i o n  i n  t h r u s t  a t  t h e  3 .5-mi le  p o i n t  where t h e  c l i m b  g r a d l r n t  
i s  r e d u c e d .  The r e d u c t i o n  i n  t h r u s t  w i l l  r e d u c e  t h e  Leve l  o f  
n o i s e  g e n e r a t e d  a t  any g i v e n  a l t i t u d e ,  

T o t a l  p e r c e i v e d  n o i s e  h a s  two components - j e t  n o i s e  f rom t h e  
two j e t  s t r e a m s  and  f a n  tu rbomach ine ry  n o i s e .  J e t  n o i s e ,  measured 
i n  PNdB, was c a l c u l a t e d  by  s t a n d a r d  methods d e s c r i b e d  by t h e  
S o c i e t y  o f  Automot ive  E n g i n e e r s  i n  r e f e r e n c e s  5  and  6. J e t  n o i s e  
i s  p r i m a r i l y  dependent  on t h e  e x i t  v e l o c i t i e s  o f  t h e  two f l o w  
s t r e a m s ,  b u t  i s  a l s o  a f f e c t e d  by  t h e  g a s  f l o w  r a t e s  and  t h e  f l o w  
a r e a s .  These  v a r i a b l e s  were  c a l c u l a t e d  a t  b o t h  Mach 0.23 (152 
k n o t s )  a f t e r  l i f t - o f f  a t  f u l l  t h r u s t  and  w i t h  t h r u s t  c u t  back  t o  
12  000 pounds  p e r  e n g i n e  d u r i n g  a p p r o a c h  a t  Mach 0.203 (135 k n o t s ) .  

Fan t u r b o m a c h i n e r y  n o i s e ,  a l s o  measured i n  PNdB, i s  a  f u n c t i o n  
o f  many t h i n g s  - f o r  example,  s p a c i n g  be tween s t a t o r  and r o t o r ,  
t i p  s p e e d ,  number o f  s t a g e s ,  f a n  p r e s s u r e  r a t i o ,  t h r u s t ,  and amount 
o f  n a c e l l e  a c o u s t i c  t r e a t m e n t .  I n  t h i s  s t u d y ,  it was assumed t h a t  
t h e  e n g i n e s  would be  b u i l t  w i t h  optimum s t a t o r - r o t o r  s p a c i n g  w i t h -  
o u t  a n y  i n l e t  g u i d e  v a n e s  i n  o r d e r  t o  minimize  n o i s e .  Curves 
deve loped  by  t h e  P r o p u l s i o n  Systems A c o u s t i c s  Branch a t  NASA-Lewis* 
r e l a t e  f a n  mach ine ry  n o i s e  t o  FPR f o r  b o t h  one- and t w o - s t a g e  f a n s  
w i t h  and w i t h o u t  s u p p r e s s i o n .  These n o i s e  c u r v e s  were s c a l e d  f rom 
a  n e t  t h r u s t  o f  90 000 pounds and a  m e a s u r i n g - p o i n t  d i s t a n c e  o f  
1000 f e e t  t o  b o t h  t h e  a p p r o a c h  and  s i d e l i n e  c o n d i t i o n s  o f  t h i s  
r e p o r t .  I n  a d d i t i o n  t o  l o g a r i t h m i c  t h r u s t  and  d i s t a n c e - s q u a r e d  
s c a l i n g ,  e x t r a  a i r  a b s o r p t i o n  due t o  a  change  i n  s l a n t  r a n g e  
( r e f .  5)  was i n c l u d e d .  The c u r v e s  which  r e s u l t  f o r  t h e  a p p r o a c h  
c o n d i t i o n  a r e  shown a s  f i g u r e  6 .  T o t a l  n o i s e  a t  b o t h  t a k e o f f  and  
approach  c o n d i t i o n s  was o b t a i n e d  by a d d i n g  l o g a r i t h m i c a l l y  t h e  
machinery  a n d  j e t  n o i s e ,  a s  d e s c r i b e d  i n  r e f e r e n c e  5 f o r  m u l t i p l e  
n o i s e  s o u r c e s .  

The n o i s e  c a l c u l a t i o n s  made i n  t h i s  s t u d y  a r e  i n  u n i t s  o f  
PNdB. The F.A.R. P a r t  36 r e q u i r e m e n t s ,  however,  a r e  s t a t e d  i n  
t e r m s  o f  EPNdB. The EPNdB s c a l e  (where E  s t a n d s  f o r  e f f e c t i v e )  
i s  a  m o d i f i c a t i o n  o f  t h e  PNdB s c a l e  where a  c o r r e c t i o n  i s  made t o  
a c c o u n t  f o r  (1) s u b j e c t i v e  r e s p o n s e  t o  t h e  maximum p u r e  t o n e  and 
( 2 )  t h e  d u r a t i o n  o f  t h e  n o i s e  ( r e f .  7) h e a r d  by t h e  o b s e r v e r .  
These m o d i f i c a t i o n s  t o  t h e  PNdB s c a l e  were i g n o r e d  i n  t h i s  s t u d y ,  
s i n c e  t h e  amount o f  i n f o r m a t i o n  known a b o u t  t h e  maximum t o n e s  and 
d i r e c t i v i t y  o f  t h e  n o i s e  from t h e s e  p a r a m e t r i c  e n g i n e s  i s  r a t h e r  
l i m i t e d .  I t  i s  t h o u g h t  t h a t  t h e  e r r o r  i n t r o d u c e d  by i g n o r i n g  
t h e s e  m o d i f i c a t i o n s  i s  l e s s  t h a n  t h e  e r r o r  t h a t  might  occu r  b y  
making f u r t h e r  a s s u m p t i o n s  abou t  t h e  n o i s e  s o u r c e s .  

* P r e s e n t e d  a t  A i r c r a f t  P r o p u l s i o n  Confe rence ,  NASA Lewis 
Rest larch C e n t e r ,  November I & - 1 9 ,  1970, by a  p a n e l  c h a i r e d  by ,James J* 
Kramer, Ch ie f  of  P r o p u l s i o n  Sys tems A c o u s t i c s  Branch a t  Lewis 
R e s e a r c h  C e n t e r ,  



Fa12 i;r,,eiiii-rer-,I n o i s e  c a n  b ~ .  a t t ~ n n a t e r l  by  acons i ic i ; !  l;/ ~ ~ * c - a ? _  
i n 8  rlle i i ~ i e c - s  and d u e t s .  Accord ing  t o  f i g u r e  6 and  ~ i i f c , rmar ion  
suppl j led  by t h e  P r o p u l s i o n  Sys tems A c o u s t i c s  Brancll a t  NASA-Lewis, 
a c o u s t i c  t r e a t m e n t  can  r e d u c e  t h i s  n o i s e  a s  much a s  IS PNdB. The 
d u c t s  o f  t h e  t a r b o f a n  e n g i n e s  o f  t h i s  s t u d y  a r e  l o n g  ( s e e  f i g .  31 ,  
s o  t h e y  r e a d i l y  l e n d  t h e m s e l v e s  t o  w a l l  t r e a t m e n t  w i t h  a  p o r o u s  
s o u n d - a b s o r b i n g  sandwich  m a t e r i a l  s u c h  a s  t h a t  d e s c r i b e d  i n  
r e f e r e n c e  8 .  Duct and  i n l e t  w a l l  t r e a t m e n t  and a n  a c o u s t i c a l l y  
l i n e d  s p l i t t e r  r i n g  i n s e r t e d  i n  t h e  i n l e t  were found i n  r e f e r -  
e n c e  9 t o  p e n a l i z e  t h e  w e i g h t  o f  a  P r a t t  & Whitney JT3D e n g i n e  
a b o u t  370 pounds.  Much o f  t h i s  w e i g h t  p e n a l t y  i s  undoub ted ly  
t i e d  up i n  s t r u c t u r a l  m o d i f i c a t i o n s  s i n c e  t h e  l i n i n g  m a t e r i a l  by 
i t s e l f  i s  v e r y  l i g h t .  T h i s  amount o f  t r e a t m e n t  on t h e  JT3D 
e n g i n e s  o f  a  DC8 a i r p l a n e  lowered  t h e  app roach  n o i s e  a b o u t  11 PNdB. 
S i n c e  most o f  t h e  t r e a t m e n t  w e i g h t  i s  a p p l i e d  n e a r  t h e  p e r i p h e r y  
o f  t h e  e n g i n e ,  a n  approx ima te  we igh t  s c a l i n g  c a l c u l a t i o n  f o r  l a r g e r  
e n g i n e s  i s  t o  m u l t i p l y  t h e  370-pound p e n a l t y  o f  t h e  JT3D by  t h e  
d i a m e t e r  r a t i o  o f  t h e  l a r g e r  e n g i n e  t o  t h e  JT3D's d i a m e t e r  o f  53 
i n c h e s .  The a d d i t i o n  of one s p l i t t e r  t o  t h e  i n l e t  o f  some o f  t h e  
h i g h  BPR e n g i n e s  o f  t h i s  s t u d y  may n o t  be  a s  e f f e c t i v e  i n  r e d u c i n g  
a p p r o a c h  n o i s e  o f  t h e s e  e n g i n e s  a s  it was f o r  t h e  low-BPR JT3D 
b e c a u s e  o f  t h e  l a r g e r  i n l e t  d i a m e t e r -  t o -  sound-wave l e n g t h  r a t i o  
( r e f .  1 0 ) .  I f  a  s i n g l e  s p l i t t e r  r i n g  i s  p l a c e d  i n  t h e  i n l e t ,  it 
i s  e s t i m a t e d  t h a t  it w i l l  b e  most e f f e c t i v e  i f  p l a c e d  a b o u t  8 
i n c h e s  from t h e  w a l l .  It was e ~ t i m a t e d  i n  t h i s  s t u d y  t h a t  t h i s  
t y p e  o f  i n l e t  and d u c t  t r e a t m e n t  combined w i l l  r e d u c e  t h e  f a n  
machinery  n o i s e  a b o u t  10  PNdB. The f u l l  1 5  PNdB r e d u c t i o n ,  which  
was assumed i n  t h i s  s t u d y  t o  be t h e  maximum p o s s i b l e ,  c o u l d  be  
a t t a i n e d  o n l y  by t h e  a d d i t i o n  o f  more s p l i t t e r  r i n g s  i n  t h e  i n l e t .  
No a s s e s s m e n t  o f  t h e  a d d i t i o n a l  we igh t  p e n a l t y  was made f o r  t h e s e  
e x t r a  s p l i t t e r  r i n g s .  



RESULTS A N D  DISCUSSION 

Engine  Cycl-e O p t i m i z a t i o n  Without  Turb ine  C o o l i n g  Bleed  

A t y p i c a l  p l o t  o f  i n s t a l l e d  (no n a c e l l e  d r a g )  c r u i s e  p e r f o r -  
mance f o r  t h e  non-mixed f low t u r b o f a n  e n g i n e s  o f  t h i s  s t u d y  i s  
shown a s  f i g u r e  7 .  T h i s  p a r t i c u l a r  p l o t  i s  f o r  an FPK o f  1 . 5 0  and 
a  c r u i s e  T4 o f  2460' R ( c o r r e s p o n d s  t o  a  t a k e o f f  T4 o f  2660° R ) .  
A l though  n o t  p r e s e n t e d  h e r e i n ,  s i m i l a r  p l o t s  c o u l d  be made f rom 
t h e  d a t a  g e n e r a t e d  i n  t h i s  s t u d y  f o r  o t h e r  FPR and Tq c o m b i n a t i o n s .  
I t  can  be  s e e n  f rom f i g u r e  7 t h a t  s f c  can  b e  r e d u c e d  by  i n c r e a s i n g  
BPR w i t h  OPR f i x e d  f o r  t h i s  p a r t i c u l a r  FPR and  Tq. L ikewise ,  it 
can  b e  s e e n  t h a t  s f c  i s  r e d u c e d  by i n c r e a s i n g  OPR w i t h  BPR f i x e d .  
U n f o r t u n a t e l y ,  b o t h  o f  t h e s e  o t h e r w i s e  f a v o r a b l e  t r e n d s  t e n d  t o  
r e d u c e  t h e  c r u i s e  s p e c i f i c  t h r u s t  FN/WA. Reduced FN/\\JA means t h a t  
e n g i n e  t o t a l  a i r f l o w  must be  i n c r e a s e d  t o  overcome t h e  c r u i s e  d r a g  
f o r  which  a l l  e n g i n e s  i n  t h i s  s t u d y  were  s i z e d .  E n l a r g i n g  t h e  a i r -  
f l o w  t e n d s  t o  i n c r e a s e  t h e  e n g i n e  d i a m e t e r  which  i n  t u r n  t e n d s  t o  
i n c r e a s e  b o t h  d r a g  and w e i g h t .  I n  a d d i t i o n ,  i n c r e a s i n g  t h e  OPR 
by i t s e l f  t e n d s  t o  i n c r e a s e  e n g i n e  w e i g h t  w i t h o u t  any  c o n s i d e r a -  
t i o n  o f  t h e  a i r f l o w  e f f e c t ,  s i n c e  more compressor  s t a g e s  a r e  
r e q u i r e d .  

Us ing  t h e  BPK = 4, OPR = 24 p o i n t  o f  f i g u r e  7 a s  a  r e f e r e n c e ,  
t h e  e f f e c t  o f  changes  i n  c r u i s e  Tq, OPR, BPR, and FPR h a s  been  
p l o t t e d  i n  f i g u r e  8 (a-d) . The e f f e c t s  o f  chang ing  OPR and BPR 
were  o b t a i n e d  from f i g u r e  7 .  The e f f e c t s  o f  chang ing  Tq and FPR 
were o b t a i n e d  by examin ing  a d d i t i o n a l  p l o t s  s i m i l a r  t o  f i g u r e  7 
f o r  o t h e r  FPRPs and  T q P s  .- F i g u r e  8  ( a )  shows t h a t  i n c r e a s i n g  t h e  
c r u i s e  Tq i s  a  mixed b l e s s i n g  pe r fo rmance -wise  because  t h e  s f c  r i s e s  
a t  t h e  same t i m e  t h a t  FN/WA i s  i n c r e a s i n g .  F i g u r e  8 ( b )  shows t h a t  
i n c r e a s i n g  t h e  OPR up t o  a  maximum o f  a b o u t  36 c a u s e s  a  s m a l l  
d e c r e a s e  i n  t h e  s f c  with o n l y  s l i g h t  r e d u c t i o n s  i n  FN/WA. F i g u r e  
8 ( c )  shows t h a t  i n c r e a s i n g  t h e  BPR d e c r e a s e s  t h e  s f c  a t  a  con- 
s i d e r a b l e  expense  i n  . ~ / W A .  F i n a l l y ,  f i g u r e  8 ( d )  shows t h a t  
i n c r e a s e s  i n  FPR, v.nlri_ite t h e  o t h e r  p a r a m e t e r s  c o n s i d e r e d  i n  p a r t s  
( a )  t h r o u g h  ( c ) ,  c a u s e  b o t h  a  r e d u c t i o n  i n  s f c  and a n  i n c r e a s e  i n  

F ~ / W ~ .  Obv ious ly ,  t h e n ,  i n c r e a s i n g  t h e  FPR i s  one o f  t h e  k e y s  t o  
b e t t e r  e n g i n e  pe r fo rmance .  The o t h e r  p a r a m e t e r s  c o n s i d e r e d  i n  
f i g u r e  8 a r e , t o  a g r e a r e r  o r  l e s s e r  d e g r e e ,  a  mixed b l e s s i n g  p e r -  
formance-wise .  Consequen t ly ,  an o v e r a l l  measure of  a i r p l a n e  p e r -  
formance  s u c h  a s  r a n g e  must be  examined i n  o r d e r  t o  f i n d  t h o s e  e n g i n e  
d e s i g n  p a r a m e t e r s  y i e l d i n g  a n  optirnum b a l a n c e  between s f c  and  e n g i n e  
w e i g h t .  

" T l ~ ~ l m b p r - i . n t "  p t o t s ,  which i n c o r p o r a t e  t h e  e f f e c t s  o f  b o t h  
e n g i n e  perf  or,i-kaixce and - w r f g h t ,  - -  were made a t  e a c h  FPR and TQ corn- 
b i n a t t o r i  coi-rsitiered i n  - t h i s  sti_idy. Repr*esentai- ivt .  s amples  of 



t h e s e  p l o t s  a r e  shown i n  f i g u ~ e  9 ( a - b ) ,  Gontoclrs o f  ~ c i r l s k a n t  
w , ,nge -, i n c r e m e n t s  were  p i o t t e d  in a BPR v e r s u s  OPR e o o r d i n a t c  
sys t em.  The s i d e l i n e  j e t  n o i s e  " f l o o r "  i s  a l s o  p l o t t e d  a s  a  
s e r i e s  o f  b roken  l i n e s ,  S o l i d  l i n e s  o f  c o r ~ s t a n t  s e a - l e v e l -  
s t a t i c  t h r u s t - t o - g r o s s - w e i g h t  r a t r o  E~/WG were  a l s o  p l o t t e d ,  
I t  i s  found f rom f i g u r e  9 ( a )  t h a t  f o r  an  FPR o f  1 - 5 0  and a  t a k e -  
o f f  TL+ o f  2660° R  t o t a l  r a n g e  maximizes a t  a  v a l u e  o f  3127 
n a u t i c a l  m i l e s .  An OPR o f  30  and a  BPR o f  4  a r e  r e q u i r e d  t o  
maximize t h e  r a n g e  a t  t h i s  v a l u e .  N o t i c e ,  however,  f rom t h e  
s p a c i n g  o f  t h e  i n c r e m e n t a l  r a n g e  c o n t o u r s  t h a t  t h e  optimum i s  
r a t h e r  f l a t .  C o n s i d e r a b l y  d i f f e r e n t  v a l u e s  o f  OPR and BPR c o u l d  
h a v e  been  s e l e c t e d  w i t h o u t  much r a n g e  d e g r a d a t i o n .  

A t  t h e  p e a k  r a n g e ,  t h e  s i d e l i n e  j e t  n o i s e  a f t e r  l i f t - o f f  i s  
1 1 6 . 5  PNdB. To meet t h e  106 .5  PNdB r e q u i r e m e n t  o f  F.A.R. P a r t  36, 
t h e  BPR must b e  r a i s e d  from 4.0 t o  5.6 w i t h  t h e  OPR c o n s t a n t  a t  
30.  The r e s u l t a n t  r a n g e  (3105 n .  mi ,)  i s  22 m i l e s  l e s s  t h a n  t h e  
peak .  Hence, t h e  j e t  n o i s e  ' ' f loor1 '  can  b e  r e d u c e d  b y  10  PNdB 
w i t h  o n l y  a  s l i g h t  r a n g e  p e n a l t y  by i n c r e a s i n g  t h e  BPR. The 
n o i s e  p roduced  by  t h e  combined j e t  s t r e a m s  i s  a  f l o o r  below which  
t h e  t o t a l  n o i s e  c a n n o t  b e  r e d u c e d .  I t  i s  assumed t h a t  i f  
machinery  n o i s e  exceeds  t h i s  f l o o r ,  it can  b e  a t t e n u a t e d  below 
t h e  j e t  n o i s e  l e v e l  b y  a c o u s t i c  t r e a t m e n t  s o  t h a t  i t s  c o n t r i b u -  
t i o n  t o  s i d e l i n e  n o i s e  w i l l  b e  minimal  f o r  t h i s  c a s e .  A f u r t h e r  
d i s c u s s i o n  o f  t h i s  p o i n t  w i l l  o ccu r  l a t e r .  

A s i m i l a r  " thumbpr in t "  p l o t  was made f o r  a n  FPR o f  1 .75  and 
a  t a k e o f f  T4 of 2660' R ( f i g .  9 ( b ) ) .  Fo r  t h e s e  c o n d i t i o n s ,  a  p e a k  
r a n g e  o f  3340 n a u t i c a l  m i l e s  i s  o b t a i n e d  a t  a n  OPR o f  3 1  and a  
BPR o f  4 .2 .  N o t i c e  t h a t  h e r e  a l s o  t h e  r a n g e  c o n t o u r s  a r e  w i d e l y  
s p a c e d ,  i n d i c a t i n g  t h a t  t h e  c y c l e  p a r a m e t e r s  may be  changed some- 
what  f rom t h e  optimum v a l u e s  w i t h o u t  much r a n g e  decrement .  A t  
t h e  p e a k  r a n g e ,  t h e  s i d e l i n e  n o i s e  " f l o o r "  i s  102 .6  PNdB - a b o u t  
4  PNdB below t h e  l i m i t .  F u r t h e r  i n v e s t i g a t i o n  r e v e a l e d  t h a t  t h e  
c y c l e  d e s i g n  p a r a m e t e r s  needed  m o d i f i c a t i o n  t o  meet t h e  s i d e l i n e  
n o i s e  r e q u i r e m e n t  o n l y  a t  t h e  minimum FPR c o n s i d e r e d  i n  t h i s  
s t u d y  ( i . e . ,  FPR = 1 . 5 0 ) .  

The maximum r a n g e s  o b t a i n e d  f rom t h e  " thumbpr in t"  p l o t s  f o r  
e a c h  FPR and  Tq combina t ion  c o n s i d e r e d  i n  t h i s  s t u d y  a r e  p l o t t e d  
a g a i n s t  FPR i n  f i g u r e  1 0 ( a ) ,  w i t h  t a k e o f f  Tq a s  a  p a r a m e t e r .  The 
l e f t - h a n d  end  o f  t h e s e  c u r v e s  have  been lowered  s l i g h t l y  t o  
r e d u c e  t h e  f u l l - p o w e r  s i d e l i n e  j e t  n o i s e  t o  106 .5  PNdB. I t  i s  
e v i d e n t  f rom t h e s e  c u r v e s  t h a t  h i g h e r  f a n  p r e s s u r e  r a t i o s  can  
p r o v i d e  a  s i g n i f i c a n t  r a n g e  i n c r e a s e  when BPR and OPR a r e  
r e o p t i m i z e d .  The r a n g e  a p p e a r s  t o  maximize a t  an  FPR g r e a t e r  
t h a n  2.25, T h i s  r e s u l t  might  have  been  e x p e c t e d  from t h e  p e r -  
forrnsnce s e n s i t i v i t y  c u r v e s  o f  f i g u r e  8, I n  f i g u r e  8 ( Z j ,  it was 
s h ~ l w r l  i -hat ,  a s  FPR was i n c r e a s e d ,  iinproveri~eni-s Ln botli  sf(: ~ i l d  
s p , ~  L f i "  c t h r u s t  were o l ~ t a i n e d ,  lire per- t -~lr  b a t i o + ~  of no othrl i  
des ign  p a r a m e t e r  cairsed a s~in~i  l ta i2eolls  j ir-p~ rrvi"ln=n+ i l l  bokC~ i l k  t l ~ c ' i ? ~ >  

indices o f  e n g i n e  pe r f (~ rmar lce ,  



111 fri'gin-e IO(b), t h e  r a n g e  inec ;u l t s  of f i g u r e  / _ O ( d )  i:dve becn  
r e p l o t t e d  a g a i n s t  t a k e o f t  Tq w i t h  FPK a s  a  p a r a m e t e r .  A t  t h e  
l o w e s t  FPR c o n s i d e r e d  (FPR = 1 - 5 0 ] ,  t h e  r a n g e  i n c r e a s ~ s  a p p r o x i -  
m a t e l y  l i n e a r l y  w i t h  Tq a t  t h e  r a t e  of 23 n a u t i c a l  m i l e s  f o r  e a c h  
100° K r i s e *  A s  t h e  FPR i s  i n c r e a s e d ,  t h e  s l o p e s  o f  t h e s e  s o l i d  
c u r v e s  i n c r e a s e .  For  example,  a t  an  FPR o f  2 . 2 5 ,  t h e  r a n g e  
i n c r e a s e s  a b o u t  43 n a u t i c a l  m i l e s  f o r  e a c h  100' R r i s e  i n  Tq. The 
broken  l i n e s  o f  c o n s t a n t  BPR show t h a t  t h e  optimum BPR i n c r e a s e s  
w i t h  a  t e m p e r a t u r e  r i s e  and  d e c r e a s e s  w i t h  an  i n c r e a s e  i n  FPR. 

I n  t h e  r e m a i n i n g  p a r t s  of f i g u r e  1 0  ( p a r t s  c  t h r o u g h  g )  a r e  
shown t h e  optimum BPR, OPR, s e a - l e v e l - s t a t i c  t o t a l  a i r f l o w ,  
t h r u s t - t o - g r o s s - w e i g h t  r a t i o ,  and maximum e n g i n e  d i a m e t e r  a t  e a c h  
FPR. Takeoff  Tq i s  used  a s  a  p a r a m e t e r  i n  t h e s e  p l o t s .  I n  t h e s e  
p l o t s ,  it can  be  s e e n  t h a t  t h e  optimum OPR v a r i e s  o n l y  s l i g h t l y  
w i t h  FPR, b u t  i n c r e a s e s  s i g n i f i c a n t l y  w i t h  a  r i s e  i n  Tq. The s e a -  
l e v e l - s t a t i c  a i r f l o w  d e c r e a s e s  s i g n i f i c a n t l y  a s  FPR i s  i n c r e a s e d .  
T h i s  i s  p r i m a r i l y  b e c a u s e  t h e  optimum BPR i s  d e c r e a s i n g  a s  FPR 
i n c r e a s e s .  A s  Tq i s  r a i s e d ,  t h e  a i r f l o w  r e q u i r e m e n t s  i n c r e a s e  
b e c a u s e  o f  t h e  r i s e  i n  optimum BPR. 

F i g u r e  1 0  ( f )  shows t h a t  t h e  optimum s e a - l e v e l - s t a t i c  t h r u s t -  
t o - g r o s s - w e i g h t  r a t i o  FN/WG d e c l i n e s  w i t h  an  i n c r e a s e  i n  FPR. 
T h i s  i s  p r i m a r i l y  because  t h e  optimum BPR d e c l i n e s  w i t h  a n  
i n c r e a s e  i n  FPR. Reducing  t h e  BPR d e c r e a s e s  t h e  t h r u s t  l a p s e  
f rom t a k e o f f  t o  c r u i s e  and,  hence ,  d e c r e a s e s  t h e  t a k e o f f - t o -  
c r u i s e  t h r u s t  r a t i o .  S i n c e  e a c h  e n g i n e  i s  s i z e d  t o  p r o v i d e  a  
f i x e d  c r u i s e  t h r u s t  and  TOGW i s  f i x e d ,  s e a - l e v e l - s t a t i c  FN/WG 
d e c r e a s e s  a s  BPR d e c r e a s e s .  S i n c e  t h e  optimum BPR i n c r e a s e s  
w i t h  a  r i s e  i n  Tq, FN/WG by  t h e  above r e a s o n i n g  a l s o  i n c r e a s e s  a s  
T4 i s  i n c r e a s e d .  Fo r  t h e  s p a n  of e n g i n e  d e s i g n  p a r a m e t e r s  con- 
s i d e r e d  i n  t h i s  s t u d y ,  FN/WG l i e s  be tween 0 .256  and 0 .330 .  Three-  
e n g i n e  t r a n s p o r t s  now i n  commerc ia l  s e r v i c e  g e n e r a l l y  have  some- 
what  lower  v a l u e s  o f  FN/WG when f u l l y  l o a d e d  ( v a l u e s  r a n g e  f rom 
0 , 2 4 0  t o  0 .270) .  

Maximum e n g i n e  d i a m e t e r  c a l c u l a t e d  by t h e  method o f  r e f e r e n c e  
4 i s  l a r g e l y  a  f u n c t i o n  o f  BPR. I ts  s i m i l a r  b e h a v i o r  can  be  
obse rved  by comparing t h e  r e s u l t s  o f  f i g u r e  10  (g) w i t h  t h o s e  of  
10  ( c )  . 

Engine  Cycle  O p t i m i z a t i o n  w i t h  T u r b i n e  C o o l i n g  Bleed  

The p r e c e d i n g  s e c t i o n  showed t h e  maximuni p o s s i b l e  a d v a n t a g e  
f h i g h e r  t u r b i n e - i n l e t  t e m p e r a t u r e  s i n c e  t h e r e  was no t u r b i n e  
o o l i n g  b l e e d  a i r  a t  any  t e m p e r a t u r e .  I n  t h e  f o l l o w i n g  d a t a ,  

t h e  t u r b i n e  c o o l i n g  b l e e d  s c h e d u l e  of f i g u r e  4 was u s e d ,  FPR and 
7'4 wprp v a r i e d  over t h e  same s p e e t ~ ~ n m  a s  b e f o r e  w i t h o u t  h l t i e d ,  
' 1 ' 11~  rn~ixirnurri r a n g e s  o b t a i n e d  I r~om a s e r i e s  o f  " thumbpr in t "  p l o t s  
dre p l o l t ~ d  a g a i n s t  i'l'R i r r  figure i I jc.j) for t h r e e  l e v e l s  of take- 
o f f  Tq. Tlie l e f t - h a n d  e n d s  o f  t h e s e  c u r v e s  have  been  lowered  
s l i g h t l y ,  a s  b e f o r e ,  t o  r e d u c e  t h e  f u l l - p o w e r  s i d e l i n e  jet n o i s e  



r u  POb. 5 i N d B ,  The t r e n d s  a r e  now g e n e r a l l y  t h e  same a i  ,$," f 

bleed excepr t h a t  t h e  r a n g e  s e p a r a t i o n  between curvics o" i c~,:: , 

T4 i s  n o t  a s  g r e a t  a s  b e f o r e ,  A l so ,  t h e  a d v a n t a g e  cf y i i s i - ~  &, 1 :- - < 

I - FE'K has d imin i shed  somewhat, Bu t  r a n g e  s t i l l  seems -.2 V ~ X  :<-: - - 
a t  a n  EPR g r e a t e r  t h a n  2 .25 ,  Ranges o b t a i n e d  w i t h  t h i s  hleez! 
s c h e d u l e  were from 70 t o  235 n a u t i c a l  m i l e s  l e s s  t h a n  w i t ! ~ o a ?  
b l e e d ,  The r a n g e  r e d u c t i o n  was most pronounced a t  h i g h e r  t e r n p ~ i s -  
t u r e s  and f a n  p r e s s u r e  r a t i o s .  

A s  shown i n  f i g u r e  l l ( b )  , r a n g e  d o e s  n o t  now improve a s  rn,:?~ 
a s  b e f o r e  w i t h  a n  i n c r e a s e  i n  TI+. A t  an  FPR o f  1 .50 ,  r a n g e  
i n c r e a s e s  o n l y  a b o u t  1 0  n a u t i c a l  m i l e s  f o r  a  400' R  r i s e  i n  Tb. 
Wi thou t  b l e e d ,  t h e  c o r r e s p o n d i n g  i n c r e a s e  ( f i g .  lO(b1)  w 3 s  a b o s t  
n i n e  t i m e s  a s  g r e a t .  The i n c e n t i v e  t o  s t r i v e  f o r  h i g h e r  T q  i c  
g r e a t e r  a t  h i g h e r  FPR., A t  a n  FPR of  2 -25 ,  t h e  r a n g e  i n c r e a s e s  
a b o u t  60 n a u t i c a l  m i l e s  f o r  t h e  same 400' R  r i s e  i n  TI+. 

I f ,  i n s t e a d  of r a i s i n g  t h e  v a l u e  o f  TI+, it c o u l d  b e  fixed 
A!% ,k ~1 c o o l i n g  b l e e d  i s  r e d u c e d  by  t e c h n o l o g i c a l  advances ,  s i g -  
L-iLficant r a n g e  improvements  would o c c u r ,  e s p e c i a l l y  a t  h i g h  f a n  
f l ? e s s w e  r a t i o s .  For  example,  a compar ison  o f  f i g u r e s  7ij(b] a r 2  
13(b) a t  an FPR o f  2.25 and a  t a k e o f f  TI+ o f  2860' R  r e v e a l s  t h a t  
r3nge c o u l d  b e  i n c r e a s e d  a b o u t  235 m i l e s  i f  t h e  need  f o r  t u r b i n e  
~oolicg b l e e d  c o u l d  be  e n t i r e l y  e l i m i n a t e d .  

A s  shown i n  f i g u r e  l l ( c ) ,  t h e  optimum BPR s t i l l  deeLFoes 
h L r F -  i r l c r e a s e s  i n  FPR, b u t  t h e  i n t r o d u c t i o n  o f  a  b l e e d  sc;-&edt~le 
h a s  r e d u c e d  t h e  BPRTs f rom t h e  o p t i m ~ m  l e v e l s  a c h i e v e d  wirhoL7t 
bleed. The optimum OPR, a s  b e f o r e ,  r e m a i n s  a p p r o x i m a t e l y  e o n s t a r i t  
rls, EEE"R i s  i n c r e a s e d ,  a s  shown by  f i g u r e  l l ( d ) .  The optimum 0PR 
c ~ i r f .  b l e e d  i n c r e a s e s  a s  TI+ i s  i n c r e a s e d  a t  any  g i v e n  FPR. The 
LSE of  a  b l e e d  s c h e d u l e  h a s  r e d u c e d  t h e  optimum OPRys f rom t h e  
Leve 1s o b t a i n e d  w i t h o u t  c o o l i n g  b l e e d .  F o r  example, a  cornparisor 
, t C  f i g u r e s  lO(d)  and  l l ( d )  a t  a n  FPR o f  2.25 and a  Ts4 o f  286tiG R 
;k,aws t h a t  OPR i s  r e d u c e d  f rom a n  optimdm o f  38 w i t h o u t  bleed t o  
d-1 optimum o f  27 w i t h  t h e  b l e e d  s c h e d u l e  used  i n  t h i s  s t d a y .  

The s e a - l e v e l - s t a t i c  FN/W~, maximum e n g i n e  d i a m e t e r ,  dnJ ~ c d -  
l e v e l - s t a t i c  a i r f l o w  a l l  d e c r e a s e  a s  FPR i s  i n c r e a s e d ,  a s  s f ; t ~ :  
i n  t i g u r e  I l ( e - g )  . R a i s i n g  t h e  l e v e l  o f  Tt+ a t  a  g i v e n  Ff-R kncredae- 
t h e  valile o f  e a c h  o f  t h e s e  v a r i a b l e s .  The r e a s o n i n g  i s  the sdrlii- 

a s  i n  t h e  p r e v i o u s  d i s c u s s i o n  f o r  no b l e e d ,  The F ~ / w ~ ,  ri.!axi.r~~r: 
e ~ ~ g i n e  d i a m e t e r ,  and a i r f l o w  a r e  now l e s s  t h a n  t h e y  were w L ~ C ~ G J  . 

~ l e e d  because  t h e  optimum BPR h a s  been  r educed .  

EJrtezt o f  Engine Drag on A i r p l a n e s  with Cooled i ~ i g l r ~ t -  

1 :p ti? t h i s  point, i t h a s  been  assumed tkla L- the G \ r w  c? I ?  ii: ' 

e 1 1 a L L/U d i d  not ckiange ( i  . t -, I I J ~  ~ k l i  tiL 

d a 3  Lc,ni15tdi~t at: SOTRE r e f e r e n c e  l e v z l )  a s  e n g i n e  dfs;iii;ti-_ A ~ - ,  



ch~ngecl  , % h i s  assumption i s  probab ly  o p t  i m l  s t i c  ;:UL might be 
approached by r e -a rea - ru l ing  the  a i r p l a n e  each t i m e  engine s i z e  
i s  changed, Figure 1 2  shows t h e  range v a r i a t i o n  w i t h  FFT .for a 
n a c e l l e  d rag  schedule which v a r i e s  with engine maximum diameter 
(drag schedule shown i n  f i g ,  5 ) .  Takeoff Tq and chargeable bleed 
were f ixed  a t  26600 K and 6 p e r c e n t ,  r e spec t ive ly .  BPR and 02R 
were not  reoptimized f o r  t h i s  drag schedule,  but were var ied  wi th  
FPR according t o  t h e  schedules of f i g u r e  l l ( c )  and ( d ) .  The mid- 
temperature curve of f i g u r e  l l ( a )  i s  r e p l o t t e d  here f o r  compari- 
son. Note t h e  c r o s s  over a t  FPR = 1.7 f o r  t h e  reference  diameter.  
Since the  optimum engine maximum diameter decreased with 
inc reases  i n  FPR, t h e  range inc reases  more r a p i d l y  with FPR t h e n  
the  n a c e l l e  drag schedule of f i g u r e  5 i s  used. Hence, g iv ing  
increased importance t o  t h e  i n s t a l l a t i o n  drag e f f e c t  r e i n f o r c e s  
the  conclusion t h a t  FPR should be increased a s  much a s  is feas -  
i b l e  up t o  some l i m i t  beyond an FPR of 2.25. 

Noise Const ra in ts  Applied t o  Engines with Cooling Bleed 

The range curve from f i g u r e  1 l ( a )  f o r  a  takeoff  Tq sf 2660° K 
ha s  been repeated a s  t h e  upper curve i n  f i g u r e  13(a ) ,  ~ J i t h  
acousticab1y unt rea ted  n a c e l l e s ,  both t h e  t o t a l  a3proach noise  
( f i g .  1 3 ( b ) )  and t o t a l  s i d e l i n e  noise  ( f i g .  l 3 ( c )  \ l i m i t s  of 
F . A , R .  Bart 36 a r e  exceeded. Even with acous t i c  t r ea tmen t ,  i t  
appears doubtful  t h a t  the  approach no i se  requireircj3t can be met 
with o ther  than a  s ing le - s t age  fan engine fo r  the 15 l'NdB maxi- 
mum suppression assumed, 

.t.c-ted .-. -- --m nace l l e s .  - ?hen 
approach fan  machinery 

noise  by about 10 PNdK was appl ied t o  t h e  i n l e t  and d u c t ,  range 
was reduced by 40 t o  80 n a u t i c a l  m i l e s ,  a s  shown by t h e  lower 
curve s f  f i g u r e  13(a ) ,  Treatment ( a s  indica ted  i n  f i g .  3 )  i nc lu -  
d e d  clle add i t ion  of one s p l i t t e r  r i n g  t o  t h e  i n l e t  together  with 
both inbe t  and duct acous t ic  wal l  Lining. Treatment weight ,  2nd 
hence range pena l ty ,  was assumed t o  increase  wi th  engine maximum 
diameter,  Although these  range p e n a l t i e s  were f o r  a case  where 
talteoff T was 26600 K, p r a c t i c a l l y  idecticczl. p e n a l t i e s  were 
obtained t o r  t h e  o the r  va lues  of Tq considered i n  t h i s  s t u d y .  

ach no i se ,  - The middle band of curves i n  f i g u r e  I d ( b )  
r ep resen t s  the  t o t a l  noise  when both i n l e t s  and ducts are 
a c o u s t i c a l l y  t r e a t e d ,  The upper boundary of t h e  band represents 
a LO PNdB reduct ion i n  machinery noise, while t h e  lower boundary 
corresponds t o  a $5 kJNdi3 reductran, The 15 PNdB suppress ion of 
machinery noise represents t h e  approximate maxxmum reduction that 
can presently be obta ined  w i t h  multiple i n l e t  sp l r c t c r  r i n g s ,  
'i'he area "ueLov~ t h e  range c.ucve fur . ~ ~ o t i $ t i i ; a l L - ~  t r e a t e d  c ~ . c ~ J I c s  
d h o w e r  curve, f i g ,  1 3 ( a ) )  is shaded L O  i n d i c a t e  t h a t  additional 



rai2ge penalties w i l l  be  i n c u r r e d  i f  more t h a n  one s p i i ~ t ~ r  ring i s  
used,  

A c o u s t i c  t r e a t m e n t  o f  t h e  n a c e l l e ,  o f  c o u r s e ,  does  n o t  r e d u c e  
j e t  n o i s e  ( t h e  bo t tom c u r v e  o f  f i g .  1 3  ( b ) )  . Al though  j e t  n o i s e  
makes p r a c t i c a l l y  no c o n t r i b u t i o n  t o  t h e  t o t a l  u n t r e a t e d  a p p r o a c h  
n o i s e ,  it does  make a  d i s c e r n i b l e  c o n t r i b u t i o n  t o  t h e  t o t a l  n o i s e  
when t h e  mach ine ry  n o i s e  i s  s u p p r e s s e d .  Hence, t h e  band o f  t o t a l  
s u p p r e s s e d  n o i s e  p l o t t e d  i n  f i g u r e  1 3 ( b )  d o e s  n o t  l i e  1 0  t o  1 5  PNdE 
below t h e  u n t r e a t e d  n o i s e  c u r v e  f o r  s i n g l e - s t a g e  f a n s .  Fo r  t h e  
t w o - s t a g e  f a n s ,  though,  t h e  t r e a t e d  machinery  n o i s e  e x c e e d s  t h e  
j e t  n o i s e  l l f l o o r "  by enough t o  make t h e  machinery  n o i s e  p r a c t i c a l l y  
e q u a l  t o  t h e  t o t a l  n o i s e .  Fo r  t h e  t w o - s t a g e  f a n s ,  i n  o t h e r  words ,  
t h e  t r e a t e d  t o t a l  n o i s e  band does  l i e  a l m o s t  1 0  t o  1 5  PNdB below 
t h e  u n t r e a t e d  n o i s e  c u r v e .  A l though  f i g u r e  1 3 ( b )  was p l o t t e d  f o r  
a t a k e o f f  Tq o f  2660° R, t h e  c u r v e s  p l o t t e d  f o r  o t h e r  t e m p e r a t u r e s  
c o n s i d e r e d  h e r e i n  a r e  l i t t l e  d i f f e r e n t  and ,  f o r  b r e v i t y ,  a r e  n o t  
shown. 

Erorn f i g u r e  1 3  ( b ) ,  it a p p e a r s  t h a t  o n l y  t r e a t e d  s i n g l e - s t a g e  
f a n  e n g i n e s  can  meet t h e  F.A.R. P a r t  36 a p p r o a c h  n o i s e  l i m i t  o f  
106 .5  PNdB f o r  t h e  maximum s u p p r e s s i o n  o f  1 5  PNdB assumed i n  t h i s  
r e p o r t .  If t h e  number of f a n  s t a g e s  i s  f i x e d  a t  one,  t h e  app roach  
n o i s e  i n c r e a s e s  s l i g h t l y  a s  d e s i g n  FPR i s  i n c r e a s e d .  But  t h i s  i s  
r a t h e r  i n s i g n i f i c a n t  when compared t o  t h e  n o i s e  r i s e  t h a t  o c c u r s  
when t h e  t r a n s i t i o n  i s  made from one t o  two f a n  s t a g e s ,  T h i s  
t r a n s i t i o n  i s  p o s b & @ & ~  in- &ibis, s t u d y  t o ,  o c c u r  a t  an  FPR o f  1 . 7 .  

It i s  w e l l  t o  remember t h a t  t h e  a b s c i s s a  o f  f i g u r e  13 (b )  i s  
d e s i g n  FPR a l t h o u g h  d u r i n g  approach  t h e  e n g i n e s  a r e  e a c h  
t h r o t t l e d  back  t o  12 000 pounds t h r u s t  a t  l e s s  t h a n  d e s i g n  FPR. 
Fo r  example,  f o r  a  d e s i g n  FPR o f  1 .50 ,  t h e  FPR d u r i n g  approach  
i s  1 - 2 4 .  L ikewise ,  f o r  a  d e s i g n  FPR o f  1 .70 ,  t h e  t h r o t t l e d -  
back  approach  FPR i s  1 . 3 3 .  The u n t r e a t e d  a p p r o a c h  n o i s e  c u r v e  
o f  f i g u r e  1 3 ( b )  i s  e s s e n t i a l l y  a  r e p l o t  o f  f i g u r e  6  w i t h  a d j u s t -  
ments  made t o  a c c o u n t  f o r  t h e  f a c t  t h a t  t h e  o p e r a t i n g  FPR i n  
a p p r o a c h  i s  d i f f e r e n t  f rom t h e  d e s i g n  FPR. ( I t  s h o u l d  be  
acknowledged t h a t  t h e  s c i e n c e  o f  p r e d i c t i n g  e n g i n e  n o i s e ,  
p a r t i c u l a r l y  t h a t  f rom t h e  tu rbomach ine ry ,  i s  q u i t e  r u d i m e n t a r y ,  
a n d  a l l  o f  t h e s e  c i t e d  n o i s e  l e v e l s  a r e  e s t i m a t e s  h a v i n g  some 
band o f  u n c e r t a i n t y  .) 

S i d e l i n e  n o i s e  a f t e r  l i f t - o f f .  - The s i d e l i n e  n o i s e  
imrnedia te ly  a f t e r  a  l i f t - o f f  a t  maximum t h r u s t  i s  p l o t t e d  
a g a i n s t  FPR i n  f i g u r e  1 3 ( c ) .  It i s  e v i d e n t  t h a t  w i t h  a c o u s t i c a l l y  
~ r ~ l t r e a t e d  n a c e l l e s  t h e  F A a R .  P a r t  36 requirement of 106 5 PNdR 
is exceeded, With  a c o u s t i c  t r e a t m e n t ,  it i s  a p p a r e n t  from the 
ni f r fd le  bCiiicl of curves that a l l  of the single-stage fans a n d  niai-ry 
o I l i l e  iWO--~tdg?~c? fans mee t the si de Line noise ~ e ~ j u i  clei?ic-i~L 



Both t h e  upper  cu rve  f o r  u n t r e a t e d  n a c e l l e s  and t h e  midd le  
band o f  v a l u e s  f o r  t r e a t e d  n a c e l l e s  i n  f i g u r e  1 3 ( c )  a r e  t o t a l  
n o i s e  c u r v e s  o b t a i n e d  by t h e  a d d i t i o n  o f  t h e  rnachirlery dnd j e t  
n o i s e .  A t  t h e  low end  o f  t h e  FPR spec t rum,  t h e  j e t  n o i s e  (bot tom 
c u r v e ,  f i g .  1 3  ( c ) )  i s  t h e  p redominan t  n o i s e  s o u r c e ,  e s p e c i a l l y  
when t h e  n a c e l l e s  have  been  a c o u s t i c a l l y  t r e a t e d  t o  s u p p r e s s  f a n  
machinery  n o i s e ,  For  s i n g l e - s t a g e  f a n  e n g i n e s ,  t h e  t o t a l  n o i s e  
w i t h  t r e a t e d  n a c e l l e s  i s  o n l y  s l i g h t l y  g r e a t e r  t h a n  t h e  j e t  
n o i s e  " f l o o r . "  For  u n t r e a t e d  s i n g l e - s t a g e  f a n  e n g i n e s ,  t h e  
mach ine ry  n o i s e  e x c e e d s  t h e  j e t  n o i s e  a s  FPR i s  i n c r e a s e d  beyond 
1 . 6 3 .  Fo r  two-s t age  f a n  e n g i n e s  w i t h  1 0  PNdB o f  machinery  n o i s e  
s u p p r e s s i o n  ( t h e  upper  bound o f  t h e  band) ,  t h e  j e t  and mach ine ry  
n o i s e s  a r e  a b o u t  e q u a l  a t  a n  FPR o f  1 . 7 0 ,  b u t  machinery  n o i s e  
becomes p redominan t  a s  FPR i s  i n c r e a s e d .  F o r  two-s t age  f a n  e n g i n e s  
w i t h  1 5  PNdB o f  machinery  n o i s e  s u p p r e s s i o n  ( t h e  lower  bound o f  
t h e  band) ,  t h e  f a n  machinery  n o i s e  n e v e r  c l e a r l y  p r e d o m i n a t e s  
o v e r  t h e  j e t  n o i s e .  I n  f a c t ,  t h e  j e t  n o i s e  p r e d o m i n a t e s  up t o  a n  
FPR o f  a b o u t  1 .90 .  Beyond t h i s ,  however,  t h e  machinery  and j e t  
n o i s e s  a p p e a r  t o  b e  a b o u t  e q u a l .  

It i s  a p p a r e n t  f rom t h e s e  c u r v e s  t h a t  w i t h  a  g i v e n  amount 
o f  a c o u s t i c  t r e a t m e n t  t h e  s i d e l i n e  n o i s e  r e q u i r e m e n t  o f  F.A.R. 
P a r t  36  i s  e a s i e r  t o  meet t h a n  t h e  app roach  n o i s e  r e q u i r e m e n t .  
I t  i s  a l s o  a p p a r e n t  t h a t  w i t h  t r e a t e d  n a c e l l e s  t h e  s i d e l i n e  n o i s e  
p roduced  by  s i n g l e - s t a g e - f a n  e n g i n e s  a c t u a l l y  d e c r e a s e s  somewhat 
a s  FPR i s  i n c r e a s e d .  (The o p p o s i t e  t r e n d  was obse rved  d u r i n g  
approach . )  I t  can  b e  conc luded ,  t h e n ,  t h a t  i n c r e a s i n g  t h e  FPR t o  
t h e  l i m i t  f o r  s i n g l e - s t a g e  f a n s  w i t h  t r e a t m e n t  b e n e f i t s  b o t h  
r a n g e  and  s i d e l i n e  n o i s e  w h i l e  s l i g h t l y  p e n a l i z i n g  approach  
n o i s e .  

Summary o f  r a n g e  r e s u l t s  f o r  a c o u s t i c a l l y  t r e a t e d  e n g i n e s  
m e e t i n g  F.A.R. P a r t  36 n o i s e  r e q u i r e m e n t s .  - I n  f i g u r e  1 4 ( a ) ,  
r a n g e  i s  p l o t t e d  a g a i n s t  FPR f o r  t h e  s i n g l e - s t a g e  f a n s  which  h a v e  
r e c e i v e d  a c o u s t i c  t r e a t m e n t  t o  r e d u c e  f a n  machinery  n o i s e  1 0  PNdB 
and t h u s  a t  l e a s t  meet ,  and  i n  many c a s e s  s u r p a s s ,  t h e  F.A.R, 
P a r t  36  r e q u i r e m e n t s .  The FPR g o e s  o n l y  a s  h i g h  a s  1 - 7 ,  t h e  
p o s t u l a t e d  upper  l i m i t  f o r  o n e - s t a g e  f a n s ,  because  t w o - s t a g e  f a n s  
c a n n o t  meet t h e  app roach  n o i s e  l i m i t  w i t h  t h e  1 5  PNdB maximum 
s u p p r e s s i o n  assumed i n  t h i s  s t u d y .  A p l o t  l i k e  f i g u r e  1 4 ( a )  
i l l u s t r a t e s  t h e  impor t ance  o f  c h o o s i n g  t h e  h i g h e s t  p o s s i b l e  FPR 
t h a t  t h e  n o i s e  c o n s t r a i n t s  w i l l  p e r m i t .  For  i n s t a n c e ,  r a n g e  i s  
improved a p p r o x i m a t e l y  170  n a u t i c a l  m i l e s  by i n c r e a s i n g  t h e  FPR 
f rom 1 . 5  t o  1 - 7 ,  

F i g u r e  1 4 ( b )  shows more c l e a r 1  y how much t h e  r a n g e  i n c r e a s e s  
a s  t a k e o f f  Tq i s  i n c r e a s e d  a t  f i x e d  l e v e l s  of FPR, The a d v a n t a g e  
of h i g h e r  t e m p e r a t u r e  e n g i n e s  i n c r e a s e s  a s  TPR js i n c r e a s e d ,  but 
even a t  t he  maximum FPR t h a t  can  b e  c o n s i d e r e d  w i t h  n o i s e  eorr- 
s t r a i n t s  ( i * e . ,  EPR = L . 7 ) ,  r a n g e  i n c r e a s e s  on Ly a b o u t  8 n a u t i c a l  
m i l e s  f o r  e a c h  L O O 0  R r i s e  i n  t e m p e r a t u r e ,  An improved b l e ~ d  



s c h e d u l e ,  however,  would show more b e n c f i t  f rom an i n c r e a s e  rn Y4, 
L i n e s  o f  c o n s t a n t  RPR (broken  l i n e s )  a r e  a l s o  p l o t t e d  on f i g u r e  L 4 ( b ) ,  
BPR Lends t o  o p t i m i z e  a t  a h i g h e r  v a l u e  a s  T4 i s  i n c r e a s e d  and FPR is  
r e d u c e d .  

CONCLUDING REMARKS 

A p r e l i m i n a r y  p a r a m e t r i c  e n g i n e  s t u d y  was made f o r  a n  advanced  
t e c h n o l o g y  t r a n s p o r t  i n c o r p o r a t i n g  t h e  Whitcomb s u p e r c r i t i c a l  wing .  
C r u i s e  was chosen  t o  b e  a t  Mach 0 .98  a t  a n  i n i t i a l  c r u i s e  a l t i t u d e  
of 40 000 f e e t .  Advanced e n g i n e  w e i g h t  t e c h n o l o g y  c o m p a t i b l e  w i t h  
mid-decade i n t r o d u c t i o n  i n t o  r e g u l a r  commercidl  s e r v i c e  was assumed,  
A t a k e o f f  g r o s s  w e i g h t  (TOGW) o f  386 000 pounds was s e l e c t e d  f o r  
t h i s  300-passenge r  a i r p l a n e  i n  o r d e r  t o  p r o v i d e  a  r a n g e  o f  a b o u t  
3000 n a u t i c a l  m i l e s .  A s  t h e  e n g i n e  d e s i g n  p a r a m e t e r s  were  v a r i e d ,  
r a n g e  ( t h e  a i r p l a n e  f i g u r e  o f  m e r i t )  was a l l o w e d  t o  v a r y .  Only 
t h r e e - e n g i n e  a i r p l a n e s  were c o n s i d e r e d  i n  t h i s  s t u d y .  

A s p e c t r u m  o f  f a n  p r e s s u r e  r a t i o s  (FPR) v a r y i n g  f rom 1 . 5 0  t o  
2 . 2 5  was c o n s i d e r e d .  A t  e a c h  FPR, b y p a s s  r a t i o  (BPR) and  o v e r a l l  
p r e s s u r e  r a t i o  (OPR) were o p t i m i z e d  f o r  maximum r a n g e  a t  t h r e e  
l e v e l s  o f  t u r b i n e - i n l e t  t e m p e r a t u r e  ( i . e . ,  t a k e o f f  Tq ' s  o f  2460, 2660, 
a n d  2860° R).  Engine w e i g h t  was assumed t o  v a r y  a s  a  f u n c t i o n  o f  
BPR, OPR, TI+, and  a i r f l o w .  S i n c e  TOGW, p a y l o a d ,  and  a i r f r a m e  w e i g h t  
( i .  e . ,  OEW minus i n s t a l l e d  e n g i n e  w e i g h t )  were  f i x e d ,  t h e  sum o f  
t o t a l  f u e l  w e i g h t  and  i n s t a l l e d  e n g i n e  we igh t  a l s o  remained  con- 
s t a n t .  Changes i n  e n g i n e  w e i g h t ,  t h e r e f o r e ,  caused  t h e  t o t a l  f u e l  
w e i g h t  t o  v a r y .  

P o i n t - d e s i g n  pe r fo rmance  c a l c u l a t i o n s  were made f o r  c r u i s e ,  
b u t  s i m p l i f y i n g  a p p r o x i m a t i o n s  were made t o  d e t e r m i n e  t a k e o f f  
o p e r a t i n g  c o n d i t i o n s .  D e s p i t e  t h e  a p p r o x i m a t i o n s ,  it i s  f e l t  t h a t  
t h e  r e s u l t i n g  t r e n d s  a r e  v a l i d  and p o i n t  t h e  way toward  s e l e c t i o n  
o f  a n  e n g i n e .  

One o f  t h e  major  o b s e r v a t i o n s  t h a t  can  b e  made f rom t h i s  s t u d y  
is t h a t  FPRts  g r e a t e r  t h a n  2.25 ( t h e  maximum c o n s i d e r e d )  a r e  needed  
t o  maximize r a n g e .  If t h e  FPR i s  i n c r e a s e d  f rom 1 . 5 0  t o  2 .25 ,  r a n g e  
can  b e  i n c r e a s e d  by  a p p r o x i m a t e l y  300 t o  400 n a u t i c a l  m i l e s ,  
depend ing  on t h e  c h o i c e  o f  TL+ and t u r b i n e - c o o l i n g  b l e e d  s c h e d u l e .  
G e n e r a l l y ,  t h e  g r e a t e s t  improvements  a r e  o b t a i n e d  w i t h  t h e  h i g h e s t  
v a l u e s  o f  T4 and t h e  l o w e s t  b l e e d  s c h e d u l e .  The optimum BPR 
d e c r e a s e s  a s  FPR i s  i n c r e a s e d .  The OPR, which a l s o  had  t h e  f r e e -  
dom t o  v a r y ,  remained  n e a r l y  c o n s t a n t  f o r  any g i v e n  l e v e l  o f  T4. 

As the FPR i s  i n c r e a s e d ?  t h e  engi3e maxi-mum d i a m e t e r  tends 
t i ,  d e c r e a s e ,  111 ?lie ma jo r  p a ~ t  01 the s t u d y ,  i t  w a s  a s s u n ~ e d  t i l a l  
tl~c a i r p l a n e  L/D r ~ m a - i n e a  cons !  a n t  d e s p i t e  'ciiesc engine size 
c h a n g e s .  A p e r t u r b a t i o n  t o   he b a s ~ c  s t u d y  w a s  r~idde, ilow?ver, i n  



\ i ~ h i r h  khp naee  Lle d r a g  w d s  d Llok7ed T O  cl-iange l l "nea r l l y  dbiiit t >c,vl:e 
rief erlence l e v e l   wit!^ d i a ~ n e t e r ,  t h e y e b y  c h a n g i n g  t h e  a i r  plane L/D, 
T h i s  app roach  mere ly  r e i n f  or>ccs t h e  f i n d i n g  a b o u t  t h c  d e s i r l a b i l i  t y  
of h i g h e r  F P R 7 s .  S i n c e  the ci lgine d i a m e t e r  d e c r e a s e s  a s  FPR is  
i n c r e a s e d ,  a i r p l a n e  L/D must i n c r e a s e .  Hence, r a n g e  must i n c r e a s e  
even  f a s t e r  t h a n  i n  t h e  b a s i c  s t u d y .  I n  f a c t ,  w i t h  t h i s  p a r t i c u l a r  
n a c e l l e  d r a g  s c h e d u l e ,  t h e  r a n g e  imp1 ovement o b t a i n e d  by  i n c r e a s i n g  
t h e  FPR from 1 .50  t o  2.25 can  be i n c r e a s e d  by a n  a d d i t i o n a l  67  
p e r c e n t  ove r  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  f i x e d  L/D s c h e d u l e  used  
i n  t h e  major  p a r t  o f  t h e  s t u d y -  

Higher  T  's  p roduced  r a n g e  i n c r e a s e s  a t  any  g i v e n  FPR. Higher  3 BPR's and OPR s were r e q u i r e d  t o  r e a l i z e  t h e  f u l l  p o t e n t i a l  o f  
t h e  h i g h e r  T q ' s .  The amount of r a n g e  improvement produced  by  a 
g i v e n  i n c r e a s e  i n  Tq was found t o  be a  f u n c t i o n  o f  b o t h  t h e  FPR 
and  t h e  t u r b i n e - c o o l i n g  b l e e d  s c h e d u l e .  Fo r  i n s t a n c e ,  a t  an  FPR 
o f  2,251 t h e  r a n g e  i n c r e a s e d  170 m i l e s  a s  Tq was i n c r e a s e d  o v e r  
t h e  400° R  s p a n  c o n s i d e r e d  h e r e i n  w i t h  no b l e e d .  When a  b l e e d  
s c h e d u l e  r e p r e s e n t a t i v e  of p r e s e n t - d a y  t e c h n o l o g y  was used ,  
however,  a  r a n g e  improvement of o n l y  60 m i l e s  was o b t a i n e d .  A t  
t h e  lower  end of t h e  FPR s p e c t r u m  ( i . e . ,  FPR = 1. SO), much lower  
r a n g e  improvements  were  o b t a i n e d  f o r  a  g i v e n  t e m p e r a t u r e  r i s e .  
H a r d l y  any  improvement was o b t a i n e d  w i t h  t h e  b l e e d  s c h e d u l e  
r e p r e s e n t a t i v e  o f  p r e s e n t - d a y  t e c h n o l o g y .  

If i n s t e a d  o f  r a i s i n g  T4, it cou ld  b e  f i x e d  w h i l e  c o o l i n g  
b l e e d  i s  r e d u c e d  by t e c h n o l o g i c a l  advances ,  s i g n i f i c a n t  r a n g e  
inp rovemen t s  would o c c u r ,  e s p e c i a l l y  a t  t h e  h i g h e r  FPRqs .  F o r  
i n s t a n c e ,  t h e  r a n g e  c o u l d  b e  i n c r e a s e d  235 m i l e s  a t  a n  FPR o f  
L ,  25 and  a  t a k e o f f  T4 o f  2860' R i f  t h e  need  f o r  a n y  t u r b i n e  
c o o l i n g  b l e e d  c o u l d  b e  e n t i r e l y  e l i m i n a t e d .  A s  w i t h  a n  i n c r e a s e  
i n  Ti+, a  r e d u c t i o n  i n  b l e e d  i n c r e a s e s  t h e  optimum BPR and OPR. 

The s i d e l i n e  ( l i f t - - o f f )  and  U p p ~ r 3 c l i  n o i s e  c o n s t r a i n t s  o f  
k q , k , K ,  P a r t  36  were a p p l i e d  t o  t h e  r a n g e - o p t i m i z e d  e n g i n e  
r e s t d t s  t o  d e t e r m i n e  i f  t h e  c h o i c e  of a n  optimum e n g i n e  would 
be  a f f e c t e d .  I t  was found t h a t  nei.tl?er o f  t h e s e  n o i s e  r e q u i r e  - 
rrtents cou ld  b e  met w i t h  any  o f  t h e  e n g i n e s  c o n s i d e r e d  w i t h o u t  
i n l e t  and  d u c t  a c o u s t i c  t r e a t m e n t ,  Even ~ i t h  t h e  maximum 
acxoust ic  t r e a t m e n t  assurr~ed i n  t h i s  r e p o r t  (15 PNdB), it a p p e a r s  
doubtful t h a t  t h e  a p p r o a c h  n o i s e  r e q u i r e m e n t  can  b e  met w i t h  o t h e r  
t h a n  a  s i n g l e - s t a g e  f a n  e n g i n e  (based  on t h e  n o i s e  c h a r a c t e r i s t i c ;  
o f  present . -day  m u l t i s t a g e  f a n s ) .  The maximum FPR t h a t  can  b e  
o b t a i n e d  w i t h  a  s i n g l e  f a n  s t a g e  can  v a r y  somewhat depend ing  on 
f a n  d e s i g n  t e c h n i q u e s ,  b u t  a v a l u e  of 1 - 7  i s  an  approx ima te  
upper limit, L i m i t i n g  t h e  el lgine c h o i c e  t o  t h o s e  w i t h  o n l y  one 
f ;n sf age i s rlinf o r t ~ ~ n a  t e l ) ~ f - ; i u s ~  of  Ti le  s i g n i  f i c a n t  improvemerit 
7 rr ~*,i,go t h d  t i7arl oh! a ~ l ~ e i i  r v i r h  h ighrr FPK's t h a t  edn on 1 r ) c  
i , l , l  i x :  i -rr  1 h J mull-1 ~, t - , iging-  



The weight penal ty  of the acoustic treatment was estimated to 
be about 580 to 600 pounds per engine, This weight includes the 
inlet and duet wall treatment and the additkon of a s p l i t t e r  r ing  
to the inlet. The addition of this amount of weight to the 
engines can be translated into a range enalty of about 80 miles 
(less than 3 percent of the total range 7 . 

Although there is a range of choice in the selection of an 
optimum cycle meeting the noise requirements, the optimum is 
much more clear-cut once T 4  and a cooling bleed have been speci- 
fied, If we choose a conservative T in the middle of the range 4, considered (i.e., a takeoff Tq of 26 O0 R) and assume that cooling 
and metallurgical technolo ies do not advance, the BPR and OPR 8 will optimize at 3.8 and 2 .6, respectively, when the FPR is 
limited to 1,7 by noise considerations. The sea-level-static 
total airflow per engine should be 1100 pounds per second for 
the 386 000-pound airplane of this study. A sea-level-static 
thrust-to-gross-weight ratio (FN/w~) of 0.285 should provide good 
takeoff and initial climbout performance relative to three-engine 
transports now in commercial service which have FN/W~'s lying 
between 0,240 and 0.270 .  The maximum diameter of this engine is 
80 inches and occurs at the rear flange. With a bleed schedule 
characteristic of existing technology, there is little incentive 
to increase T 4  since range increases by only 10 miles for each 
1000 R rise in temperature, 

If technological advancements could somehow completely 
eliminate the need for cooling bleed at a takeoff Tq of 26600 R ,  
the BPR would optimize at 4.5 instead of 3.8 and the OPR would 
optimize at 31.0 instead of 24.6 .  The elimination of bleed would 
increase the range by about 150 nautical miles (almost 5 percent). 
Without bleed, the incentive to increase Tq would also be 
increased. Range would increase about 60 miles for each 100° R 
rise in T 4  - about six times faster than with the present-technology 
bleed schedule. 

These optimum values of BPR and OPK were obtained with 
airplane L/D assume&Ca remain constant as engine diameter 
changed, If engine ?%rag was assumed to increase with diameter, 
lower BPR's would be favored, but the noise goals would prevent 
a significant reduction in BPR. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, February 8, 1971 
126-15-13 
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